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1.  Summary 


1.1  Plasma-Sprayed  Adherends  -  Surface  Characterization  of  Aluminum  and  Titanium 

The  morphological  and  surface  chemical  properties  of  plasma-sprayed  coatings 
on  metals  were  investigated  using  surface  characterization  techniques.  Organic¬ 
polymeric  and  inorganic  powders  were  plasma-sprayed  on  aluminum  and  titanium. 
Organic-polymeric  coatings  were  prepared  using  epoxy,  polyester,  polyimide,  and 
cyanate  ester  components.  Inorganic  coatings  were  obtained  by  plasma-spraying 
AIA,  AIP04,  MgO,  and  Si02  on  aluminum,  and  Ti02,  TiSi2,  MgO,  and  Si02  on  titanium. 
The  organic-polymeric  coatings  were  prepared  at  one  thickness  (75-125  jim;  0.003”- 
0.005”)  while  the  inorganic  coatings  were  sprayed  to  obtain  two  different  thicknesses 
(25  and  150  pm;  0.001  ”-0.006”).  SEM  photographs  reveal  various  morphological 
differences  in  the  sprayed  specimens.  The  surface  morphology  ranged  from  smooth  to 
nodular  among  the  plasma  sprayed  specimens.  Surface  chemical  analysis  of  the 
plasma-sprayed  coatings  indicated  that  little  or  no  chemical  degradation  of  the 
components  occurred  as  a  result  of  plasma-spraying.  However,  plasma-sprayed  TiSi2 
appeared  to  be  a  mixture  of  silica  and  a  titanium  silicate. 

1.2  Plasma-Sprayed  Adherends  -  Durability  of  Adherends  Coated  with  Inorganic 
Materials 

The  durability  of  plasma-sprayed  metals  bonded  with  a  polyimide  adhesive  was 
studied.  Metal  adherend  surfaces  were  prepared  for  adhesive  bonding  by  plasma¬ 
spraying  inorganic  powders  on  aluminum  and  titanium.  The  plasma-sprayed  materials 
included  Al203,  AIP04,  MgO,  and  Si02  on  aluminum,  and  Ti02,  TiSi2,  MgO,  and  Si02  on 
titanium.  Durability  studies  of  samples  prepared  in  a  wedge-type  geometry  were 
carried  out.  Bonded  specimens  were  maintained  in  an  environmental  cycle  that 
included  exposure  to  the  conditions;  low  temperature,  -20°C  (-5°F);  relative  humidity  at 
elevated  temperature,  70%  RH  at  66°C  (151°F);  elevated  temperature  (160°C;  320°F) 
in  air,  high  temperature  (160°C;  320°F)  in  vacuum  (130  torr,  0.2  atm.),  and  room 
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temperature.  Crack  growth  rate  and  mode  of  failure  were  determined.  The  results  of 
the  durability  tests  indicate  that  thin  coatings  (25  pm;  0.001”)  of  plasma-sprayed 
materials  perform  better  than  thicker  (150  pm;  0.006”)  coatings.  The  crack  growth  rate 
for  thin  coatings  (25  pm;  0.001”)  of  Al203,  AIP04 ,  Si02  ,  and  MgO  plasma-sprayed  on 
aluminum  was  equivalent  to  that  for  phosphoric  acid  anodized  aluminum.  Similarly, 
the  durability  performance  for  titanium  samples  prepared  with  a  25  pm-thick  (0.001”) 
Ti02  ,  TiSi2  ,  and  Si02  plasma-sprayed  coatings  was  equivalent  to  that  for  a  Turco- 
prepared  titanium  surface.  Although  the  evaluation  of  durability  as  a  function  of  surface 
chemistry  was  an  objective  of  the  study,  it  was  not  possible  to  evaluate  the  effect,  since 
most  failures  occurred  within  the  adhesive  (cohesive  failure)  during  the  environmental 
tests.  That  failure  occurred  in  the  adhesive  indicates  that  the  coating-adherend  and  the 
coating-adhesive  interactions  are  sufficiently  robust  to  prevent  interfacial  failure  under 
the  experimental  conditions  investigated. 

1 .3  Plasma-Spraved  Adherends  -  Durability  of  Adherends  Coated  with  Polymeric 
Materials 

The  durability  of  aluminum  and  titanium  adherends  that  had  been  plasma- 
sprayed  with  polymeric  coatings  and  bonded  with  epoxy  and  a  polyimide  adherends 
were  investigated.  Organic-polymeric  coatings  were  plasma-sprayed  using  epoxy, 
polyester,  polyimide,  and  cyanate  ester  components.  Durability  was  investigated  using 
a  wedge-type  specimen  by  exposing  the  specimens  to  an  environmental  cycle  that 
included  low  temperature,  high  relative  humidity  at  elevated  temperature,  high 
temperature  at  atmospheric  pressure  in  air,  high  temperature  in  a  vacuum,  and  room 
temperature.  The  systems  exhibiting  durability  comparable  to  that  for  adherends 
treated  using  standard  solution  methods,  included  aluminum  or  titanium  coated  with  a 
bis-maleimide/cyanate  ester  (BMI-CE)  or  a  bis-maleimide-LaRC  TPI-1500  mixture  and 
bonded  with  an  epoxy  or  a  polyimide  adhesive.  As  a  general  observation,  failure 
during  exposure  to  the  environmental  cycle  occurred  in  the  adhesive  (cohesive 
failure). 
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1.4  Durability  Investigation  of  Butt-Torsion  Specimens 

Plasma-sprayed  aluminum  and  titanium  adherends  were  bonded  in  a  butt- 
torsion  geometry  using  an  epoxy  and  a  polyimide  adhesive.  Specimens  were  stressed 
at  20%  of  the  ultimate  failure  load  and  were  maintained  for  up  to  17,000  hrs.  in  an 
environmental  cycle  that  included  exposure  to  the  conditions;  low  temperature,  -20°C 
(-5°F);  relative  humidity  at  elevated  temperature,  70%  RH  at  66°C;  elevated 
temperature  (160°C;  320°F)  in  air,  high  temperature  (160°C;  320°F)  in  vacuum  (130 
torr,  0.2  atm.),  and  room  temperature.  Time  to  failure  was  determined  and  was  used  as 
a  measure  of  specimen  durability.  Acceptable  performance  was  identified  for  the 
situation  where  not  more  than  half  of  the  specimens  failed  during  the  tests,  and  where 
cohesive  failure  was  noted.  Coating  (thickness-  pm)/adherend/adhesive  component 
combinations  for  which  acceptable  performance  was  demonstrated  during  the  tests 
(up  to  about  17,000  hrs)  included: 

Aluminum  adherends 
25-AI203/AI/epoxy 
25-SiOg/AI/epoxy 

Titanium  adherends 

50-SiO/Ti/epoxy 
150-MgO/Ti/epoxy 
25-TiSi;>/Ti/epoxy 


1.5  Summary  recommendations 

The  overall  findings  in  this  work  indicate  that  thin  coatings  exhibit  good 
performance  as  measured  either  by  crack  growth  for  wedge  specimens  or  via  time  to 
failure  for  samples  prepared  using  a  butt-torsion  geometry.  The  chemical  systems  that 


25-AI203/AI/po  ly  im  ide 
25-Si02/AI/polyimide 

25-Ti02/Ti/polyimide 

1 50-TiO/Ti/polyimide 

25-TiSi/Ti/polyimide 

25-SiO/Ti/polyimide 

TPI/Ti/polyimide 

CE/Ti/polyimide 
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show  acceptable  performance  as  plasma-sprayed  coatings  include  A\zOJA\,  SiCX/AI, 
TiO/Ti,  TiSig/Ti,  SiO/Ti,  MgO/Ti,  and  TPI/Ti  and  marginal  performance  for 
CE/Ti/polyimide.  It  should  be  recognized  that  spraying  was  only  carried  out  one  time, 
and  no  attempt  was  made  to  optimize  the  application  conditions  or  pretreatment  of  the 
adherend  surface  before  spraying.  Optimization  of  the  application  conditions  could 
potentially  improve  the  durability  of  plasma-sprayed  coatings. 
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2.  INTRODUCTION 


The  principal  requirement  for  an  adhesive  bond  is  that  the  bond  maintain  its 
integrity  in  the  structure  under  use  conditions  during  the  lifetime  of  the  structure.  Many 
components  contribute  to  the  strength  and  durability  of  an  adhesive  bond  including  the 
adhesive,  the  adherend,  the  surface  preparation,  the  use  conditions,  and  the  bond 
geometry.  For  high  performance  applications  the  nature  of  the  surface  preparation 
often  plays  a  dominant  role  for  specimens  exposed  to  severe  environmental 
conditions.  Many  surface  pretreatments  involve  the  use  of  organic  solvents  and 
solutions  containing  carcinogenic  transition  metals.  Manufacturing  industries  that  rely 
on  adhesive  bonding,  along  with  the  EPA  and  other  governmental  and  professional 
groups,  seek  surface  pretreatments  that  are  environmentally  safe. 

The  role  of  the  surface  treatment  of  an  adherend  is  to  promote  highly  stable 
adhesive-adherend  interactions;  high  stability  is  accomplished  by  making  the 
chemistry  of  the  adherend  and  adhesive  compatible  (1-5)  so  that  robust  oxides  are 
present  and  weak  boundary  layers  are  removed.  The  common  surface  preparations 
used  to  enhance  durability  for  adhesive  bonding  of  metals  include  aqueous  chromic- 
sulfuric  acid  treatment,  aqueous  ferric  salt-sulfuric  acid  treatment,  phosphoric  and 
chromic  acid  anodization  for  aluminum,  as  well  as,  grit  blasting  and  chromic  acid  or 
sodium  hydroxide  anodization  for  titanium  (5).  Although  these  methods  for  surface 
preparation  result  in  strong  durable  bonds,  they  require  the  maintenance  of  chemical 
supplies,  appropriate  reaction  vessels,  and  handling  and  disposing  of  waste. 
Furthermore,  pretreatments  such  as  phosphoric  acid  anodization  (PAA)  are  unstable 
in  hot  wet  conditions  (6,7)  and  titanium  alloys  experience  oxide  dissociation  at 
elevated  temperatures  (7-9).  Also  of  concern  is  the  reproducibility  of  surface  chemistry 
and  morphology  of  chemically  prepared  surfaces.  Small  changes  in  preparation 
conditions  can  result  in  large  changes  in  bond  strength  and  durability  (10).  Alternative 
surface  preparations  are  needed  to  provide  stability  at  high  temperatures  and  to  satisfy 
environmental  regulations.  Plasma  spray  techniques  (11,12)  may  offer  an  appropriate 
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alternative  method  to  prepare  adherend  surfaces  for  adhesive  bonding.  Plasma¬ 
spraying  also  offers  the  possibility  of  obtaining  surfaces  of  different  chemistry  and 
morphology  (5,11,12). 

Plasma  spraying  has  been  used  for  decades  to  spray  coatings  for  anti¬ 
corrosion,  wear  resistance,  and  thermal  barriers  (11-17).  The  fundamental  process 
that  occurs  during  plasma  spraying  is  that  a  fine  powder  is  introduced  into  a  gas 
plasma  at  elevated  temperatures  where  it  becomes  molten  and  is  projected  onto  a 
substrate.  After  the  molten  particle  impacts  the  substrate,  it  resolidifies,  having 
properties  much  different  than  the  original  powder.  Studies  have  shown  that  plasma- 
sprayed  coatings  adhere  well  to  metal  substrates  due  to  interdiffusion  of  the  coating 
components  into  the  metal  (18-21).  This  interdiffusion  becomes  even  greater  when  a 
surface  preparation  such  as  grit  blasting  or  gaseous  plasma  spraying  (no  powder 
injected)  is  used  prior  to  spraying  to  roughen  the  surface  and  remove  contaminants 
(7). 

A  potential  advantage  of  plasma  spraying  for  the  treatment  of  adherends  for 
adhesive  bonding  is  that  the  chemistry  of  the  coating  can  be  changed  to  be  compatible 
with  the  adhesive.  This  can  be  accomplished  by  spraying  a  powder  that  has  the 
desired  chemistry,  or  in  low  pressure  systems,  reactive  gases  can  be  introduced, 
which  can  react  at  high  temperatures  with  the  powder  being  sprayed  (22). 

Clearfield  and  coworkers  (7)  have  described  the  use  of  plasma  sprayed 
coatings  for  enhanced  durability  of  bonded  titanium.  Titanium-6AI-4V  alloy  powder 
was  plasma-sprayed  on  titanium-6AI-4V  alloy  adherends  with  the  goal  of  obtaining  a 
surface  coating  that  would  be  stable  at  elevated  temperatures.  The  plasma-sprayed 
coatings  exhibited  a  micro-rough  morphology  and  the  surface  morphology  did  not 
change  upon  exposure  in  a  vacuum  at  450°C  (842°F)  (7).  Surface  analysis  of  the 
plasma-sprayed  coating  indicated  principally  titanium  dioxide.  The  studies 
demonstrated  that  bond  durability,  as  determined  via  a  wedge  test,  was  equivalent  to 
that  for  surfaces  anodized  in  sodium  hydroxide  or  chromic  acid  (7).  The  use  of 
plasma-sprayed  alumina  (Al203)  coatings  for  adhesive  bonding  of  composites, 
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aluminum  and  titanium  has  been  reported  by  Pike,  et  al.  (23).  Alumina  was  plasma- 
sprayed  to  obtain  a  thin  (50  pm;  0.002”)  and  microporous  coating.  The  durability  of 
plasma-sprayed  adherends  compared  favorably  with  that  for  aluminum  and  titanium 
adherends  that  had  been  pretreated,  respectively,  via  phosphoric  acid  anodization 
and  Pasa  Jell  107  procedures.  Davis  and  associates  (24)  recently  compared  the 
durability  of  solution  treated-aluminum  and  titanium  with  specimens  that  had  been 
plasma-sprayed  with  a  variety  of  inorganic  compounds,  inorganic/polymer  mixtures, 
and  polymers.  A  general  finding  was  that  a  coating  prepared  by  plasma-spraying  an 
aluminum-silicon  alloy  mixed  with  a  polyester  onto  aluminum  exhibited  good  dry  and 
hot-wet  durability  (24).  Davis  and  coworkers  (24)  reported  on  dry  and  hot-wet 
durability  of  aluminum  that  had  been  plasma-sprayed  with  a  polyester,  PEEK,  and 
mixtures  of  aluminum  and  polymers  and  bonded  with  epoxy  adhesives.  Some  of  the 
coated/bonded  aluminum  exhibited  performance  and  failure  modes  under  dry 
conditions  equivalent  to  that  for  solution-prepared  surfaces.  On  the  other  hand,  under 
hot-wet  conditions  the  polymer-coated  specimens  failed  in  the  coating,  at  the  coating- 
substrate  interface,  or  at  the  coating-adhesive  interface. 

The  purpose  of  the  current  investigation  (25,26)  was  to  plasma-spray  aluminum 
and  titanium  adherends  using  a  variety  of  materials  to  obtain  a  different  surface 
chemistry  and  to  characterize  the  surfaces  in  preparation  for.  investigation  of  the 
durability  of  adhesively  bonded  metal  adherends.  A  principal  goal  was  to  obtain 
plasma-sprayed  inorganic  and  polymeric  materials  that  might  be  effective  as  surface 
treatments  for  high  performance  adhesive  bonding.  Although  inorganic  materials  have 
been  plasma-sprayed  in  adhesive  bonding  studies  (7,23,24)  no  detailed  investigation 
of  plasma-sprayed  polymeric  materials  as  a  surface  preparation  for  adhesive  bonding 
has  appeared  in  the  literature.  The  focus  of  this  investigation  is  on  characterization  of 
the  plasma-sprayed  adherends  to  determine  the  morphology  and  chemical 
stoichiometry  of  the  plasma-sprayed  coatings.  The  coating  materials  include  inorganic 
oxides  that  are  acidic  and  basic  and  polymeric  materials  that  contain  a  variety  of 
functional  groups.  These  materials  were  selected  to  permit  an  inquiry  into  the 
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influence  of  acid-base  characteristics  on  the  durability  of  adhesively  bonded  metals. 
An  additional  purpose  of  the  current  study  was  to  plasma-spray  aluminum  and  titanium 
adherends  using  a  variety  of  polymeric  materials  to  obtain  a  variety  of  surface 
chemistries  (26).  A  principal  goal  was  to  obtain  plasma-sprayed  polymeric  materials 
that  might  be  effective  as  surface  treatments  for  high  performance  adhesive  bonding. 
The  polymeric  coating  could  provide  modulus  or  stress  relief  between  the  adherend 
and  the  polymer  adhesive.  Ultimately,  plasma-sprayed  coatings  could  provide  a 
method  of  applying  adhesive  to  adherends  for  subsequent  adhesive  bonding.  Thus 
inorganic  compounds,  polymeric  materials,  and  mixtures  of  polymeric  materials  have 
been  plasma-sprayed  on  aluminum  and  titanium.  Plasma-spray-coated  aluminum  and 
titanium  using  inorganic  and  organic  materials  were  bonded  with  an  epoxy  or  a 
polyimide  adhesive. 
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3.  EXPERIMENTAL  SECTION 


3.1  Materials 

Aluminum  6061  and  titanium-6AI-4V  alloys  were  used  as  adherends.  Aluminum 
6061  plates  were  purchased  from  McMaster-Carr  Supply  Co.,  New  Brunswick,  NJ. 
Titanium-6AI-4V  specimens  were  obtained  from  President  Titanium,  Hanover,  MA.  The 
specimen  dimensions  for  aluminum  were  2.5  cm  X  10.2  cm  X  0.64  cm  (1"  X  4"  X  0.25") 
and  for  Ti  were  2.5  cm  X  10.2  cm  X  0.23  cm  (1"  X  4"  X  0.090").  The  plasma-sprayed 
area  on  each  specimen  was  2.5  cm  X  7.6  cm.  (1"  X  3"). 

Hex-head  Al  2024-T4  and  hex-head  titan ium-6AI-4V  bolts,  used  for  the  butt 
torsion  specimens,  were  purchased  from  commercial  suppliers.  The  bolts  were  5  cm 
(2")  in  length  and  0.95  cm  (0.375")  in  diameter. 

Plasma  spraying  of  adherends  with  inorganic  coatings  was  carried  out  at 
Engineered  Coatings,  Rocky  Hill,  CT.  The  selection  of  coatings  was  based  on  the 
desire  to  obtain  different  acid/base  surface  chemistries  on  the  adherends.  Specimens 
were  grit  blasted  with  silicon  carbide  before  applying  the  plasma-sprayed  coatings. 
Al203,  AIP04,  MgO,  and  Si02  were  plasma-sprayed  on  aluminum  adherends,  and  Ti02, 
TiSi2,  MgO,  and  Si02  were  deposited  on  titanium  adherends.  All  inorganic  coatings, 
except  Si02,  were  sprayed  to  obtain  25  pm  (0.001”)  and  150  pm  (0.006”)  coating 
thicknesses.  Si02  could  not  be  deposited  at  150  pm  (0.006”)  due  to  failure  of  the 
material  to  adhere  to  itself.  Si02  coating  thicknesses  were  25  pm  (0.001”)  and  50  pm 
(0.002”).  In  the  preparation  of  the  AIP04  coating  it  was  necessary  to  add  silica  as  a  flow 
agent  to  the  powder  upon  introduction  into  the  plasma.  Thus,  the  analytical  data 
presented  for  AIP04  do  not  correspond  to  pure  aluminum  phosphate.  Table  1  lists 
the  powders,  selected  properties  of  the  materials,  and  the  suppliers. 
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Table  1 .  Inorganic  Powders  and  Suppliers 


Powder 

Mesh  size 

M.P.°C 

Puritvf%1 

Supplier 

AIA 

-25  +5 

2000 

98 

Metco  105SF 

aipo4 

-44  +5 

>1500 

unknown 

City  Chemical 

Si02 

-44  +10 

1700 

99.9 

Atlantic  Equipment 

MgO 

-44  +10 

2850 

95 

Cerac;  Ml  139 

Ti02 

-53  +10 

1830 

99 

Metco  102 

TiSi2 

-105+44 

1760 

99.9 

Atlantic  Equipment 

Plasma  spraying  of  polymers  was  carried  out  at  Applied  Polymer  Systems 
(APS),  Tampa,  FL  Before  plasma  spraying,  the  metal  adherends  were  grit-blasted 
with  alumina  (#80  grit)  at  60  psi,  and  were  then  wiped  with  methyl  ethyl  ketone  (MEK). 
Pure  argon  was  used  in  the  plasma  torch.  Powders  were  introduced  into  the  plasma 
torch  using  a  fluidized  bed  or  a  rotary  hopper.  The  spraying  was  carried  out  to  obtain 
a  coating  thickness  in  the  range  of  75  pm  to  125  pm  (0.003”  to  0.005”).  Table  2  lists 
the  polymers  that  were  sprayed  and  the  suppliers  of  the  polymers. 


Table  2.  Polymer  Powders  and  Suppliers 


Polymer 

Epoxy:  Everclear 
Polyester:  crystal  clear 
Cyanate  ester:  PT  60  (CE) 
LaRC-TPI  1500,  polyimide 
Bismaleimide  (BMI) 


Supplier 
Fuller  O’Brien 
Fuller  O’Brien 
Allied  Signal 
Mitsui-Toatsu 
Shell  Chemical 


10 


The  epoxy  and  polyester  powders  were  sprayed  onto  aluminum  and  titanium  without 
problems.  Pure  LaRC-TPI  polyimide  flowed  easily  through  the  plasma  gun,  but 
decomposed  under  a  number  of  experimental  conditions.  To  alleviate  the 
decomposition  problem  and  obtain  a  polyimide-containing  coating,  a  1:1  (w:w) 
physical  mixture  of  BMI  and  LaRC-TPI  was  sprayed  onto  aluminum  and  titanium. 
Similarly,  to  obtain  a  coating  of  the  cyanate  ester  it  was  necessary  to  spray  a  2:3  (w:w) 
mixture  of  BMI  and  CE. 

Aluminum  and  titanium  adherend  surfaces  were  also  pretreated  using 
conventional  solution  surface  preparations.  Aluminum  was  anodized  in  15%  (w/w) 
phosphoric  acid  for  20  minutes  at  a  current  density  of  129  amps/m2  (12  amps/ft2). 
Titanium  was  treated  in  Turco  5578  solution  (37.6  g/1000  mL)  H20  at  70-80°C  (158- 
176°F)  for  5  min.  and  then  rinsed  in  Dl  water  for  5  min.  Following  the  initial  cleaning 
treatment  specimens  were  etched  in  a  more  concentrated  Turco  5578  solution,  360 
gmVIOOO  mL  H20,  at  80  -  100°C  (1 76-21 2°F)  for  10  min.  Titanium  was  then  rinsed  in 
Dl  water  at  60  -  70°C  (140-158°F).  All  treated  samples  were  stored  in  a  desiccator  until 
bonded.  The  Turco  treatment  for  titanium  butt-torsion  samples  followed  the  same 
procedure  as  for  the  titanium  wedge-type  specimens. 

Plasma-sprayed  and  solution-treated  adherends  were  bonded  in  a  wedge 
configuration  (27)  and  a  butt-torsion  configuration  using  a  3M  AF-191  epoxy  film 
adhesive  or  an  American  Cyanamid  (Cytec)  polyimide  adhesive  (FM-36).  The  bond¬ 
line  thickness  for  all  samples  was  0.25  mm  (0.010”).  Specimens  were  bonded 
according  to  procedures  outlined  by  the  manufacturers  as  summarized  below. 

AF-191:  Primer  solution  (Scotchweld  EC-3917)  was  applied  to  solution-treated 
adherends  using  a  paint  brush.  The  coating  was  allowed  to  cure  at  room  temperature 
for  30  min.  The  specimen  was  then  heated  in  a  forced  air  oven  at  120°C  (248°F)  for  30 
min.  The  primer  solution  was  only  applied  to  PAA  and  Turco  5578  specimens  when 
bonding  with  the  epoxy  adhesive.  No  primer  was  used  in  bonding  the  plasma-spraved 
adherends.  Epoxy  adhesive  film  (AF-1 91 )  was  positioned  between  the  adherends  and 
the  specimen  was  placed  on  the  press  platen  which  had  been  heated  to  93°C  (200°F). 
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A  pressure  of  40  psi  was  applied  and  the  specimen  was  heated  at  a  rate  of  17°C/min 
(30°F/min.)  to  177°C  (350°F).  After  reaching  177°C  (350°F),  the  samples  were  held  at 
this  temperature  for  60  min.  The  specimens  were  then  cooled  at  a  rate  of  6°C/min 
(10°F/min)  to  93°C  (200°F)  before  removing  the  pressure.  Bonded  samples  were 
removed  from  the  press  and  placed  in  a  desiccator  until  initiating  the  environmental 
durability  tests. 

FM-36:  Polyimide  adhesive  film  was  positioned  between  the  adherends  and  the 
specimen  was  placed  on  the  press  platen  that  had  been  heated  to  93°C  (200°F).  A 
pressure  of  40  psi  was  applied  and  the  specimen  was  heated  to  177°C  (350°F)  and 
was  held  at  this  temperature  for  60  min.  The  samples  were  then  cooled  to  93°C 
(200° F)  before  removing  the  pressure.  The  specimens  were  then  post-cured  by 
placing  them  in  an  oven  at  260°C  (500°F)  for  3  hrs.  Bonded  samples  were  removed 
from  the  press  and  placed  in  a  desiccator  until  starting  the  environmental  durability 
tests. 

3.2  Chemical  Surface  Treatments:  Butt-torsion  specimens 

Prior  to  surface  treatment  of  the  butt-torsion  samples,  all  of  the  bolt  ends  were 
machined  to  the  same  length  to  smooth  and  flatten  the  surfaces.  This  was  done  to 
obtain  a  uniform  bondline  thickness  and  to  remove  surface  lips  that  would  reduce  the 
strength  of  the  bond.  Hex-head  bolts  for  the  butt  torsion  studies  were  plasma-sprayed 
in  a  manner  identical  to  that  for  the  preparation  of  wedge-type  aherends.  Butt-torsion 
specimens  were  bonded  using  a  rack  especially  designed  to  maintain  alignment  of  the 
bolts  and  to  allow  the  application  of  bonding  pressure.  The  rack  is  shown  in  Figure  1. 
Cleaning  -  Prior  to  further  surface  treatment,  all  of  the  aluminum  bolts  were  cleaned  by 
submersion  in  5%  (w/w)  aqueous  NaOH  at  60°C  for  three  minutes  followed  by  a  one 
minute  rinse  in  50%  (v/v)  aqueous  solution  of  HNO3  and  a  two  minute  rinse  in  Dl 
water. 
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Phosphoric  Acid  Anodization  -  The  cleaned  aluminum  bolts  were  anodized  in  a  15% 
(w/w)  aqueous  solution  of  H3PO4  at  129  amps/m2  (12  amps/ft2)  for  20  minutes. 
During  the  anodization  process,  the  temperature  of  the  phosphoric  acid  solution  was 
maintained  between  25°C  (77°F)  and  28°C  (82°F)  using  an  ice  bath.  The  bolts  were 
rinsed  in  Dl  water  for  two  minutes  following  anodization.  The  bolts  were  then  placed  in 
a  desiccator  until  primed  or  bonded. 

Vinyl  Phosphonic  Acid  Treatment  -  Cleaned  aluminum  bolts  were  initially  submerged 
in  a  boiling  aqueous  ammonium  hydroxide  solution,  with  a  pH  of  about  9.5,  for  1 
minute.  This  was  followed  by  dipping  the  bolts  in  a  0.01  molar  vinyl  phosphonic  acid 
solution  at  50°C  (122°F)  for  10  seconds.  The  bolts  were  then  rinsed  in  deionized  water 
for  2  minutes  and  placed  in  a  desiccator  until  primed  or  bonded. 

P2  Etch  -  Cleaned  bolts  were  placed  in  a  P2  solution  at  63°C  (145°F)  for  8  minutes. 
The  P2  solution  consisted  of  122.5  g  Fe2(S04)3  4H2O  in  0.185  L  of  con.  H2SO4 
diluted  to  1  L  with  H2O.  The  bolts  were  then  rinsed  in  deionized  water  for  2  minutes 
and  stored  in  a  desiccator  until  primed  or  bonded. 

In  the  durability  evaluation,  wedge  and  butt  tporsion  specimens  were  exposed 
to  an  environmental  cycle  (26).  The  cycle  was  designed  to  represent  potential  use 
conditions  for  these  adhesively-bonded  materials.  Samples  were  exposed  to  cycle  A 
for  100  hrs,  and  then  to  cycle  B  conditions  for  the  duration  of  the  durability  experiments 
(approximately  3500  hrs). 


Environment 

Cycle  A 

Cycle  B 

cold;  -  20°C  (-5°F) 

2  hrs. 

24  hrs 

air,  70%  RH;  66°C  (151°F) 

2  hrs. 

24  hrs. 

dry  air;  160°C  (320°F) 

2  hrs. 

24  hrs. 

vacuum,  130  torr;  160°C  (320°F) 

2  hrs. 

24  hrs. 

room  tempt.;  23°C  (73°F) 

16  hrs. 

24  hrs. 
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Crack  growth  was  measured  after  each  step  in  the  exposure  cycle.  The  crack 
growth  measurements  were  accurate  to  within  ±  2  mm.  (±  0.08”),  and  the 
reproducibility  of  the  initial  crack  lengths  among  specimens  with  the  same  coating  was 
±10  mm  (±  0.4”)  for  aluminum  and  ±  5  mm  (+  0.2”)  for  titanium.  The  results  presented 
in  the  figures  represent  average  growth  data  for  five  specimens  of  each  treatment  and 
adherend.  Butt  torsion  specimens  were  placed  in  the  durability  test  apparatus  shown 
in  Figure  2  during  exposure  to  the  environmental  cycle.  Chemically  cleaned 
aluminum  specimens  were  torqued  at  various  levels  in  the  experiments.  The  bonded 
samples  in  the  plasma  spray  study  were  loaded  to  20  percent  of  the  failure  load  of 
standard  specimens  and  exposed  to  a  cycle  of  cold,  hot  humid,  hot  dry,  hot  vacuum, 
and  ambient  laboratory  environments.  Twenty  percent  load  was  exerted  because 
joints  are  typically  design  to  carry  20  to  40  percent  of  their  failure  load  and  the  cyclic 
environment  was  meant  to  simulate  the  service  conditions  of  an  airplane. 

Plasma-sprayed  adherends  and  failure  surfaces  were  characterized  using  XPS 
and  SEM.  XPS  spectra  were  measured  using  a  PHI  Perkin-Elmer  Model  5400 
photoelectron  spectrometer.  Photoelectrons,  generated  using  Mg  Ka  radiation  (hv  = 

1253.6  eV),  were  analyzed  in  a  hemispherical  analyzer,  and  detected  using  a  position 
sensitive  detector  (25,28-30).  The  binding  energy  scale  was  calibrated  in  reference  to 
the  carbon  Is  peak  for  background  carbon.  In  the  presentation  of  the  elemental 
results,  photoelectron  spectral  peak  areas  were  measured  and  subsequently  scaled  to 
account  for  ionization  probability  and  an  instrumental  sensitivity  factor  to  yield  results 
which  are  indicative  of  surface  concentration  in  atomic  percent  (25,29).  The  elemental 
compositional  data  were  obtained  by  taking  the  average  of  at  least  three  individual 
measurements.  The  precision  and  accuracy  for  the  concentration  evaluations  are, 
respectively,  about  10%  and  15%.  Multi-component  carbon  Is  photopeaks  were  curve 
fitted  using  photopeaks  of  Gaussian  peak  shape  with  a  full-width-at-half  maximum 
(FWHM)  of  1.6  ±  0.1  eV.  The  C  Is  binding  energy  values  were  selected  to  correspond 
to  carbon -carbon,  carbon-hydrogen,  and  carbon-oxygen-containing  functional  groups 
(25,28,29). 
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Figure  2.  Durability  testing  apparatus  for  butt-torsion  specimens. 
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SEM  photomicrographs  were  determined  using  an  ISI  Model  SX-40  scanning 
electron  microscope.  Samples  were  sputter-coated  with  a  thin  gold  film  (-200  A; 

20  nm). 
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4.  Plasma-Sprayed  Adherends  -  Surface  Characterization  of  Aluminum 
and  Titanium 

4.1  SEM  Characterization 

Scanning  Electron  Microscopy  (SEM)  was  used  to  investigate  the  topographical 
features  of  the  plasma-sprayed  coatings.  The  SEM  photomicrographs  revealed 
significant  morphological  differences  when  comparing  the  organic  and  inorganic 
plasma-sprayed  coatings  and  also  when  comparing  the  features  among  the  inorganic 
coatings.  An  SEM  photomicrograph  for  the  polyester-sprayed  coating  on  titanium  is 
shown  in  Figure  3.  The  coating  is  smooth  with  few  distinguishing  features.  The 
features  exhibited  in  Figure  3  were  characteristic  of  the  polyester,  epoxy,  and  CE/BMI 
plasma-sprayed  coatings.  Among  these  three  sprayed  coatings  the  topographical 
features  were  indistinguishable.  The  surface  features  for  the  TPI/BMI  plasma-sprayed 
coating,  as  revealed  from  the  SEM  photomicrograph  in  Figure  4,  were  unique 
compared  to  those  for  the  other  three  polymeric  coatings.  The  TPI/BMI  coating  was 
rough  and  cavernous  and  exhibited  nodular  particle-like  features  that  were  25  to  30 
pm  (0.001-0.0012”)  in  diameter.  The  surface  appears  to  have  particles  stacked  on  top 
of  one  another.  Thus  the  preparation  of  the  plasma-sprayed  polymeric  coatings  yields 
smooth  and  rough-cavernous  features.  The  findings  suggest  that  the  mode  of  coating 
formation  may  be  different  for  the  TPI/BMI  specimen.  No  attempt  was  made  to  discover 
the  operational  parameters  or  application  conditions  that  led  to  the  differences  in  the 
features  of  the  polymeric  coatings.  No  significant  differences  were  noted  in  coating 
morphology  when  comparing  the  same  coatings  on  aluminum  or  titanium. 

The  SEM  photomicrographs  for  the  plasma-sprayed  inorganic  coatings  are 
shown  in  Figures  5-10.  Some  of  the  inorganic  coatings  exhibited  the  splattering 
effect  which  is  a  common  characteristic  of  plasma-sprayed  coatings  (11,12,31)  The 
splattering  characteristics  were  particularly  evident  for  the  AI2Og/AI,  AIP04/AI,  and 
TiO/fi  coatings  Figures  5-7.  The  SEM  photomicrographs  for  the  other  plasma- 
sprayed  inorganic  coatings  (Figures  8-10)  MgO/AI,Ti;  SiCyAIJi;  and  TiSi/Ti 
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Figure  3.  Scanning  electron  photomicrograph  of  polyester  powder  plasma-sprayed 
on  titanium. 
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Figure  4.  Scanning  electron  photomicrograph  of  Bismaleimide-LaRC-TPI  powder 
mixture  plasma-sprayed  on  titanium. 
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Figure  5.  Scanning  electron  photomicrograph  of  AI2O3  powder  plasma-sprayed  on 
aluminu 


21 


Figure  6.  Scanning  electron  photomicrograph  of  AIPO4  powder  plasma-sprayed  on 
aluminum. 
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Figure  7.  Scanning  electron  photomicrograph  of  T1O2  powder  plasma-sprayed 
titanium. 


Figure  8.  Scanning  electron  photomicrograph  of  MgO  powder  plasma-sprayed  on 
aluminum. 
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Figure  9.  Scanning  electron  photomicrograph  of  SiC>2  powder  plasma-sprayed  on 
aluminum. 
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Figure  10.  Scanning  electron  photomicrograph  of  TiSi2  powder  plasma-sprayed  on 
titanium. 
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exhibited  both  smooth  and  rough  features.  No  significant  differences  in  coating 
morphology  were  noted  when  comparing  the  same  coating,  MgO  or  Si02,  on 
aluminum  or  titanium.  Also  there  were  no  differences  in  topography  when  comparing 
specimens  coated  with  the  same  material  at  different  thicknesses. 

4.2  XPS  Characterization 

The  powders  and  plasma-sprayed  specimens  were  analyzed  by  XPS  to  obtain 
information  regarding  chemical  surface  composition,  to  inquire  about  possible 
chemical  changes  resulting  from  the  spraying  process,  and  to  obtain  base-line  data  for 
use  in  establishing  failure  modes  in  subsequent  durability  experiments.  Table  3 
summarizes  the  XPS  atomic  percent  composition  results  for  the  organic-polymeric 
powders  and  for  the  corresponding  sprayed  coatings.  A  comparison  of  the  XPS  data 
for  the  polymer  powder  and  for  the  plasma-sprayed  polymers  (Table  3)  suggests  that 
some  change  has  taken  place  during  plasma  spraying.  The  change  is  evident  by  the 
general  decrease  in  carbon  content  and  the  increase  in  the  concentration  of  oxygen 
and  nitrogen  on  the  sprayed  specimens  compared  to  the  results  for  the  powders.  The 
presence  of  silicon  in  some  of  the  plasma-sprayed  specimens  is  a  result  of  the 
incorporation  of  small  amounts  of  silica  (Si02)  contamination  in  the  spraying  chamber. 
The  presence  of  silica  also  contributes  to  the  increased  oxygen  content  in  the  plasma- 
sprayed  specimens.  Fluorine  as  an  organic  fluoride  was  detected  in  the  epoxy 
powder,  but  was  removed  in  the  spraying  process  and  does  not  appear  on  the  surface 
of  the  plasma-sprayed  epoxy.  The  increase  in  nitrogen  content  among  the  sprayed 
epoxy  and  polyester  samples  is  likely  due  to  some  reaction  of  the  materials  with 
nitrogen  in  the  air  outside  of  the  plasma  spraying  region. 

To  explore  possible  changes  in  chemical  functionality  for  epoxy  and  polyester 
plasma-sprayed  specimens,  carbon  Is  spectra  were  curve  fitted.  Representative  curve 
fitted  C  Is  spectra  are  presented  for  epoxy  and  polyester  in  Figures  11  and  12, 
respectively.  In  the  figures  spectra  are  compared  for  the  polymer  powder  and  the 
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plasma-sprayed  specimen.  In  the  fitted  spectra  for  the  plasma-sprayed  epoxy  material 
evidence  is  obtained  for  C-H/C-C,  C-O,  and  C=0  functional  groups,  whereas  in  the 


Table  3.  XPS  Characterization  Results  for  Organic-Polymer  Plasma-Sprayed  Materials 
(atomic  percent)*  [P  =  powder;  PS  =  plasma-sprayed  coating] 


Polymer 

C  Is 

O  Is 

N  Is 

Si  2p 

FIs 

P 

PS 

P 

PS 

P 

PS 

P 

PS 

P 

PS 

Epoxy 

78.7 

70.2 

16.3 

20.7 

1.5 

4.9 

nd 

4.2 

3.5 

nd 

Polyester 

77.3 

65.1 

22.1 

25.3 

0.6 

5.3 

nd 

1.3 

nd 

nd 

CE/BMI 

81.1 

77.0 

11.5 

13.9 

7.4 

6.1 

nd 

3.0 

nd 

nd 

TPI/BMI 

77.6 

70.9 

18.6 

22.4 

3.8 

6.7 

nd 

nd 

nd 

nd 

nd=element  not  detected;  atomic  %  <  0.2%. 

*The  results,  labeled  P,  for  CE/BMI  and  TPI/BMI  are  for  pure  powder  before  spraying, 
whereas  the  data,  labeled  PS,  for  CE/BMI  and  TPI/BMI  are  for  the  plasma-sprayed 
specimens  which  were  obtained  by  spraying  a  physical  mixture  of  the  polymers. 


powder  only  C-H/C-C  and  C-0  functional  groups  are  evident.  The  percent 
composition  for  the  oxygen-containing  functional  groups  is  only  slightly  greater  for  the 
plasma-sprayed  specimens.  The  appearance  of  the  carbonyl  functionality  arises  via 
oxidation  either  in  the  plasma  or  after  deposition  via  reaction  with  air.  A  general  result 
is  that  some  oxidation  of  the  epoxy  material  has  occurred. 

The  C  Is  spectra  for  polyester  powder  could  be  fitted  by  including  C-H/C-C, 
C-O,  and  -0-C=0  functional  groups  whereas  the  spectra  for  the  plasma-sprayed 
specimen  could  be  fit  using  C-H/C-C,  C-O,  C=0,  and  -0-C=0  functional  groups.  To 
obtain  reasonable  fits  for  the  C  Is  spectra  for  the  plasma-sprayed  polyester,  it  was 
necessary  to  increase  the  concentration  of  the  C-O  group  and  to  include  a  contribution 
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Figure  11.  Carbon  Is  x-ray  photoelectron  spectra  for:  a)  epoxy  polymer  powder;  b) 
epoxy  polymer  powder  plasma-sprayed  on  titanium. 
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Figure  12.  Carbon  Is  x-ray  photoelectron  spectra  for:  a)  polyester  polymer  powder; 
b)  polyester  polymer  powder  plasma-sprayed  on  titanium. 
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from  a  carbon  doubly  bound  to  oxygen  (carbonyl)  functional  group  as  shown  in 
Figure  12.  The  functional  group  distribution  in  the  polyester  indicates  that  the 
carboxyl  group  content  has  decreased  leading  to  carbonyl-type  group  contribution. 
Alternatively,  oxidation  of  the  hydrocarbon  or  ether  portion  of  the  polyester  could  have 
taken  place.  Nevertheless,  the  compositional  changes  are  small  and  the  comparisons 
of  functional  group  distributions  of  oxygen-containing  groups  for  the  powder  and  the 
plasma-sprayed  samples  indicate  that  little  degradation  of  the  plasma-sprayed 
materials  has  occurred.  A  detailed  XPS  functional  group  analysis,  via  curve  fitting,  for 
the  cyanate  ester-  and  LaRC-TPI-BMI  mixtures  was  not  carried  out  due  to  the 
complexity  of  the  composition  in  the  plasma-sprayed  coating.  Studies  are  in  progress 
via  other  means  to  determine  the  component  distribution  in  the  sprayed  coating. 

The  XPS  surface  characterization  results  for  inorganic  plasma-sprayed  coatings 
are  presented  in  Tables  4  and  5.  The  table  for  plasma-sprayed  specimens  shows 
only  one  entry  for  MgO  and  Si02  although  these  oxides  were  sprayed  on  aluminum 
and  on  titanium.  The  results  for  MgO  and  Si02  sprayed  on  the  two  different  substrates 
were  equivalent,  so  only  data  for  coatings  on  aluminum  are  presented. 

Table  4.  XPS  Results  for  Inorganic  Powders 
(atomic  percent) 


Compound 

C  Is 

01s 

Na  Is  Ti  2p 

Q. 

CVI 

< 

Si  2p 

P  2p*/Mg  2p# 

ai2o3 

23.7 

44.7 

4.8 

nd 

21.5 

5.3 

nd 

aipo4 

25.3 

47.7 

3.2 

nd 

11.9 

nd 

11.9* 

MgO 

22.0 

49.8 

0.5 

nd 

nd 

3.9 

23.8# 

Si02 

15.5 

54.9 

0.2 

nd 

nd 

29.4 

nd 

Ti02 

19.1 

58.6 

nd 

16.1 

3.5 

2.7 

nd 

TiSi2 

18.2 

50.2 

nd 

6.4 

nd 

25.2 

nd 

nd=element 

not  detected; 

atomic  %  <  0 

.2%. 
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Table  5.  XPS  Results  for  Inorganic  Plasma-Sprayed  Coatings 
(atomic  percent) 


Compound 

C  Is 

0  Is 

Nals 

Ti  2p 

Al  2p 

Si  2p 

P  2p7Mg 

ai2o3 

21.6 

48.2 

2.9 

nd 

27.3 

nd 

nd 

aipo4** 

24.4 

49.6 

1.7 

nd 

2.9 

11.1 

9.6* 

MgO 

32.4 

48.1 

nd 

nd 

nd 

1.7 

17.8# 

Si02 

10.0 

64.1 

nd 

nd 

nd 

25.9 

nd 

Ti02 

31.7 

49.7 

0.7 

16.2 

nd 

1.7 

nd 

TiSi2 

12.1 

59.4 

nd 

1.3 

nd 

27.2 

nd 

nd=element  not  detected;  atomic  %  <  0.2%.;  **  Nitrogen  atomic  %  =  0.7 

The  XPS  data  for  the  inorganic  powders  and  plasma-sprayed  specimens 
(Tables  4  and  5)  suggest  that  the  elemental  ratios  of  the  principal  elements  are  not 
stoichiometric,  and  that  many  of  the  sprayed  specimens  contain  elements  other  than 
their  principal  elements.  The  principal  contaminant  element  was  carbon.  To  determine 
the  chemical  state  of  the  non-principal  elements,  each  element's  contribution  to  the 
overall  oxygen  concentration  was  determined  and  the  carbon  photopeaks  were  curve 
fitted  to  determine  the  contribution  of  carbon-oxygen  functionalities.  Stoichiometric 
allocation  and  chemical  speciation  of  oxygen  in  combination  with  other  elements  was 
also  carried  out.  From  this  allocation  procedure,  each  element's  contribution  to  the 
total  oxygen  was  determined.  In  some  cases  the  experimentally  measured  oxygen 
content  was  insufficient  to  account  for  all  of  the  oxygen  containing  species  (a 
deficiency);  in  other  cases  there  was  an  excess  of  oxygen.  Excess  oxygen  in  these 
evaluations  could  be  attributed  to  adsorbed  water  or  to  an  element  being  bound  to 
oxygen  in  ways  not  included  in  the  assumptions  regarding  component  stoichiometry 
and  composition  being  used  in  the  analysis.  The  results  presented  are  reasonable 
within  the  limitations  of  the  XPS  measurements  and  the  allocation  procedure.  The 
functional  group  allocation  results  are  summarized  in  Table  6.  No  attempt  was  made 
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Table  6.  Allocation  of  Oxygen  Containing  Constituents:  Plasma-Sprayed  Coatings 


Al203:  Total  %  oxygen  in  sample;  48.2 

Aluminum  (Al203)  40.9 

Carbon  (C-O,  C=0,  0-C=0)  12.1 

Sodium  (Na20)  1.5 

Oxygen  deficiency*  -6.3 

MgO:  Total  %  oxygen  in  sample;  48.1 

Silicon  (silicate)  3.4 

Carbon  (C-O,  C=0,  0-C=0)  15.5 

Magnesium  (MgO,MgC03)  17.5 

Excess  oxygen#  1 .7 

Si02:  Total  %  oxygen  in  sample;  64.2 

Silicon  (Si02)  51.8 

Carbon  (C-O,  C=0)  6.2 

Excess  oxygen  6.2 

TiOa:  Total  %  oxygen  in  sample;  49.7 

Titanium  (Ti02)  32.4 

Carbon  (C-O,  C=0,  0-C=0  )  8.8 

Sodium  (Na20)  0.4 

Silicon  (silicate)  3.4 

Excess  oxygen  4.7 

TiSi2:  Total  %  oxygen  in  sample;  59.4 

Titanium  (titanium  silicate)  7.8 

Silicon  (Si02)  49.2 

Carbon  (C-O,  C=0)  4.3 

Oxygen  deficiency  -1 .9 


*  Oxygen  deficiency  means  that  the  total  measured  percent  oxygen  in  the  sample,  i.e.  48.2%  for 
AIA,  was  less  than  the  amount  attributed  to  the  various  oxygen-containing  species.  #  Excess 
oxygen  means  that  the  total  measured  percent  oxygen  in  the  sample,  i.e.  48.1%  for  MgO  was 
greater  than  the  amount  attributed  to  the  various  oxygen-containing  species. 
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to  allocate  the  oxygen  in  plasma-sprayed  aluminum  phosphate  since  silica  was  added 
as  a  flow  agent  during  aluminum  phosphate  deposition. 

The  allocation  procedure  yielded  results  that  were  consistent  with  the  known 
stoichiometry  for  plasma-sprayed  Al203,  Si02,  and  Ti02.  The  success  of  the  allocation 
is  likely  due  to  the  fact  that  there  were  very  few  contaminants  in  these  plasma-sprayed 
samples.  The  plasma-sprayed  MgO  sample  contained  oxygenated  forms  of  silicon  and 
carbon.  Carbonate  made  up  5.1%  of  the  carbon  and  was  assumed  to  be  bound  to 
magnesium  as  magnesium  carbonate;  the  remainder  of  magnesium  was  assumed  to 
be  MgO.  The  small  amount  of  unassignable  oxygen  (1.7%)  is  likely  within  the  limits 
and  expectations  of  the  functionality  allocation  procedure. 

The  interpretation  of  the  results  obtained  for  the  TiSi2  plasma-sprayed  sample 
presented  a  challenge  because  the  titanium  concentration  was  1 .3%  and  the  silicon 
atomic  concentration  was  27.2%  not  2.6  atomic  %  as  expected  for  the  1:2 
stoichiometric  ratio  for  TiSi2.  The  chemical  states  of  titanium  and  silicon  for  the  plasma- 
sprayed  sample  are  different  than  the  corresponding  chemical  states  for  the  powder. 
The  titanium  2p  region  for  TiSi2  powder,  shown  in  Figure  13,  exhibited  two 
photopeaks  for  titanium,  the  Ti  2p3/2  peak  at  453.3  eV  corresponds  to  titanium  metal 
and  the  Ti  2^3I2  peak  at  459.1  eV  is  assigned  to  TiSi2.  Also,  the  silicon  2p  spectra, 
presented  in  Figure  14,  indicated  two  chemical  states  in  the  powder  sample.  One  Si 
2p  peak  at  98.2  eV  corresponds  to  silicide  and  the  Si  2p  sample,  i.e.  48.1%  for  MgO, 
was  greater  than  the  amount  attributed  to  the  various  oxygen  containing  species, 
peak  at  1 02.5  eV  is  assigned  to  silicate.  The  differences  in  the  spectra  for  the  plasma- 
sprayed  sample  and  the  powder  could  be  attributed  to  1)  titanium  silicate  and  Si02  in 
the  plasma-sprayed  sample,  2)  Ti02  and  Si02  in  the  plasma-sprayed  specimen  or  3) 
TiSi2  and  Si02  in  the  plasma-sprayed  adherend.  The  binding  energy  for  the  Ti  2p3/2 
photopeak  (Ti  2p3/2;  BE  =  459.7  eV)  for  the  plasma-sprayed  sample  was  not  equivalent 
to  that  for  Ti02  (Ti  2p3y2;  BE  =  458.5  eV)  nor  for  TiSi2  (Ti  2p3/2  BE  =  459.3  eV).  Only  one 
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Figure  13.  Titanium  2p  x-ray  photoelectron  spectra  for:  a)  TiSi2  powder:  b)  TiSi2 
powder  plasma-sprayed  on  titanium. 
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Figure  14.  Silicon  2p  x-ray  photoelectron  spectra  for:  a)  TiSig  powder,  b)  TiSi2 
powder  plasma-prayed  on  titanium. 
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silicon  2p  photopeak  was  detected  on  the  plasma-sprayed  sample.  The  single  silicon 
2p  photopeak  had  a  binding  energy  of  103.2  eV,  which  corresponds  to  Si02.  No 
silicon  2p  photopeak  was  detected  in  the  silicide  region.  From  these  considerations  it 
is  suggested  that  a  titanium  silicate  and  Si02  were  both  present  on  the  plasma- 
sprayed  sample.  Even  though  only  one  silicon  2p  photopeak  was  detected,  it  is 
reasoned  that  titanium  silicate  and  Si02  were  present  and  that  the  two  photopeaks  for 
the  two  silicon-containing  species  overlap. 
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5.  Plasma-Sprayed  Adherends  -  Durability  of  Adherends  Coated  with 
Inorganic  Materials 

The  durability  results,  presented  as  crack  length  as  a  function  of  time,  are  presented  in 
Figures  15-18.  Figures  15  and  16  present  crack  length  data  for  up  to  172  hrs  of 
exposure  in  the  environmental  cycle  for  aluminum  and  titanium  samples,  respectively. 
For  exposure  times  of  greater  than  120  hours  (according  to  cycle  B),  it  was  noted  that 
crack  length  did  not  change  in  the  period  172  to  3500  hrs.  The  final  crack  length  data, 
measured  at  3500  hours  when  the  experiments  were  terminated,  are  presented  in 
Tables  7  and  8.  It  is  apparent  from  the  results  in  Figures  15  and  16  that  crack  growth 
ended  during  the  second  repetition  of  the  environmental  cycle,  i.e.,  after  approximately 
48  hours  of  exposure  to  two  cycles  in  the  environmental  conditions.  Crack  growth 
occurred  at  different  rates  for  samples  with  different  surface  preparations  under 
different  environmental  conditions,  as  shown  in  Figures  17  and  18.  Examination  of  the 
results  in  Figure  17  for  the  aluminum  samples  indicates  that,  except  for  the  25-AI203/AI 
specimens,  crack  growth  in  the  cold  portion  of  the  cycle  is  small,  <  2  mm  (0.08”). 
Exposure  to  high  relative  humidity  resulted  in  marked  growth,  >6  mm  (0.24”),  for  the 
150-AIPO4/AI  samples.  During  the  exposure  to  elevated  temperature  at  atmospheric 
pressure  in  air,  the  PAA/AI  and  150-AI2O3/AI  samples  exhibited  significant  crack  growth 
(>6  mm;  0.24”).  In  the  hot-vacuum  portion  of  the  cycle  crack  growth  of  greater  than  6 
mm  (0.24”)  occurred  for  the  25-AIP04/AI,  25-A^OgfAI,  and  25-MgO/AI  specimens.  For 
samples  where  significant  growth  was  not  observed,  crack  growth  of  approximately  2 
mm  (0.08”)  occurred  upon  exposure  to  the  various  conditions  of  the  cycle. 

The  changes  in  crack  length  for  the  titanium  samples  during  early  exposure  in 
the  cycle  are  given  in  Figure  18.  The  50-SiO/Ti,  150-MgO/Ti,  and  150-TiO/Ti 
samples  exhibited  growth  greater  than  6  mm  (0.24”)  during  exposure  at  -20°C  (-5°F). 
The  crack  for  the  25-MgO/Ti  sample  grew  more  than  6  mm  (0.24”)  in  the  high  relative 
humidity  portion  of  the  test  cycle.  Other  specimens  showed  incremental  growth  (<2-3 
mm;  0.08-0.12”)  during  exposure  to  each  of  the  environmental  conditions. 
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Figure  15.  Crack  Length  Results  for  Plasma-Sprayed  Aluminum  Adherends  Bonded 
with  FM-36  Polyimide  Adhesive;  Time:  0  to  172  hrs.  Total  environmental  exposure 
duration  3500  hrs.  Crack  lengths  at  172  hrs.  equal  to  lengths  at  3500  hrs. 
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Figure  17.  Crack  Length  Results  for  Plasma-Sprayed  Aluminum  Adherends  Bonded 
with  FM-36  Polyimide  Adhesive;  Crack  length  during  the  first  environmental  cycle. 
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Figure  18.  Crack  Length  Results  for  Plasma-Sprayed  Titanium  Adherends  Bonded 
with  FM-36  Polyimide  Adhesive;  Crack  length  during  the  first  environmental  cycle. 
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Returning  to  a  consideration  of  the  general  crack  growth  behavior  (Figures  1 5 
and  16),  it  is  apparent  for  the  aluminum  adherends  that  the  ultimate  crack  length  is 
dependent  on  the  surface  treatment  and  that  at  least  two  types  of  general  behavior  are 
noted.  Crack  length  values  in  the  range  4.3-4.6  cm  (1 .7-1.8”)  are  found  for  the  150- 
MgO/AI,  150-AI2O3/AI,  and  150-MgO/AI  samples.  Crack  lengths  of  intermediate  and 
lesser  values  (<4.0  cm;  1.6”)  were  recorded  for  all  other  aluminum  samples.  Similarly, 
the  crack  length  is  small  (<2.0  cm;  <0.08”)  for  the  25-TiO/Ti,  Turco/Ti,  25-SiO/Ti,  25- 
TiSi/n,  and  150-TiSi/Ti  specimens.  The  other  titanium  samples,  50-SiO/Ti,  150- 
TiO/Ti,  25-MgO/Ti,  and  150-MgO/Ti  exhibited  crack  lengths  in  the  range  2.8-3.6  cm 
(1. 1-1.4”).  It  is  noteworthy  that  the  initial  crack  lengths  for  the  titanium  samples  are  le.ss 
than  that  for  the  corresponding  aluminum  specimens.  The  crack  length  data  indicate  a 
dependence  on  the  coating  thickness,  in  that  the  specimens  with  thicker  coatings 
generally  showed  greater  crack  growth.  The  exceptions  to  this  general  observation 
include  the  50-SiOg/Ti  and  ISO-TiSi/Ti  samples.  The  lower  crack  length  for  the  150- 
TiSig/Ti  specimen  may  be  related  to  the  fact  that  the  chemical  nature  of  plasma- 
sprayed  TiSi2  was  found  (25)  to  be  a  titanium  silicate  or  a  mixture  of  Ti02  and  Si02.  It 
is  possible  that  such  a  “mixed”  chemistry  coating  could  enhance  adhesive  bonding  to 
the  polyimide  or  inhibit  environmental  degradation  of  the  bond,  and  thus  improve 
durability.  The  findings  regarding  durability  and  coating  thickness  in  this  study  are 
similar  to  the  results  of  Pike,  et  al.  for  Al203  plasma-sprayed  on  a  variety  of  adherends 
(23).  In  recent  work,  Davis  and  co-workers  (24)  reported  poor  performance,  compared 
to  the  findings  in  this  study,  for  aluminum  plasma  sprayed  with  alumina  and  bonded 
with  an  epoxy  adhesive.  It  was  suggested  (24)  that  primer  penetration  enhanced  the 
bonding  in  the  current  study.  However,  since  no  primer  was  used,  it  is  possible  that  the 
porosity  of  the  coating  in  this  work  may  have  allowed  penetration  of  polymer  into  the 
plasma  sprayed  coating,  thus  enhancing  durability.  In  another  study  by  Clearfield,  et 
al.,  who  plasma-sprayed  titan ium-6AI-4V  on  titanium-6AI-4V  (7),  it  was  shown  that  thin 
plasma-sprayed  coatings  exhibit  failure  rates  equal  to  or  slightly  less  than  reference 
standards,  such  as  phosphoric-acid  anodized  aluminum  and  Turco-treated  titanium. 
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Also  in  Davis’  study  (24)  it  was  reported  that  titanium  alloy  plasma-sprayed  with 
titanium-6AI-4V  alloy  and  bonded  with  an  epoxy  adhesive  exhibited  durability 
performance  (static  exposure  to  90%  RH  at  60°C;  140°F)  that  was  equivalent  to  that  for 
chromic  acid  anodized  or  Turco-treated  titanium  alloy.  The  findings  in  this  study 
complement  the  results  of  the  earlier  study  (24),  where  in  the  current  work  it  is 
demonstrated  that  titanium-6AI-4V  specimens  prepared  with  thin  (25  urn;  0.001”) 
coatings  of  Ti02,  Si02,  and  TiSi2,  and  thick  coatings  (150  pm;  0.006”)  of  TiSi2  show 
excellent  bond  durability  for  titanium  alloy  bonded  with  a  polyimide  adhesive. 

Exposure  of  adhesively  bonded  plasma-sprayed  wedge  specimens  to  an 
environmental  cycle  resulted  in  a  variety  of  failure  modes  and  durability  behavior.  The 
durability  results  are  summarized  in  Tables  7  and  8  for  aluminum  and  titanium 
adherends,  respectively,  and  are  presented  in  terms  of  crack  length  (arrest  values)  at 
the  end  of  3500  hrs  in  the  environmental  cycle,  and  the  failure  mode  induced  during 
environmental  exposure.  The  failure  modes  were  determined  either  visually  or  by 
XPS/SEM  surface  analysis.  The  XPS  analysis  results  for  the  failure  surfaces  for  the 
25-AI203/AI  and  150-AI2O3/AI  specimens  are  given  in  Table  9. 
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Table  7.  Failure  Processes  for  Plasma  Sprayed  Adherends:  Aluminum  Bonded  with 
FM-36  Polyimide  Adhesive 


thickness-coat/adherend 

arrest  crack 

failure  mode  (XPS) 

length  (cm) 

(in) 

environmental  exposure 

PAA/AI 

2.3 

0.91 

cohesive 

25-AI20g/AI 

2.9 

1.1 

cohesive 

I5O-AIP3/AI 

4.5 

1.8 

in  the  coating 

25-MgO/AI 

2.4 

0.94 

cohesive 

1 50-MgO/AI 

4.6 

1.8 

mixed  mode  (coating/cohesive) 

25-SiOg/AI 

2.0 

0.79 

cohesive 

50-Si(yAI 

2.6 

1.0 

cohesive 

25-AIP04/AI 

3.0 

1.2 

mixed  mode  (coating/cohesive) 

1 50-AIPO4/AI 

4.3 

1.7 

mixed  mode  (coating/cohesive) 

Table  8.  Failure  Processes  for  Plasma  Sprayed  Adherends:  Titanium  Bonded  with  FM 
36  Polyimide  Adhesive 

thickness-coat/adherend  arrest  crack  failure  mode  (XPS) 

length  (cm)  (in)  environmental  exposure 

Turco/Ti 

1.6 

0.63 

cohesive 

25-TiO/Ti 

1.5 

0.59 

cohesive 

150-TiO/Ti 

3.1 

1.2 

coating/metal  interface 

25-MgO/Ti 

3.6 

1.4 

cohesive 

1 50-MgO/Ti 

3.3 

1.3 

coating/metal  interface 

25-SiO/Ti 

1.8 

0.71 

cohesive 

50-SiO/Ti 

2.8 

1.1 

cohesive 

25-TiSi/Ti 

1.7 

0.67 

mixed  mode  (coating/cohesive) 

150-TiSi/Ti 

1.8 

0.71 

mixed  mode  (coating/cohesive) 
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Table  9.  Surface  Analysis  Results  for  A^Og/AI  Plasma-Sprayed  Specimens  and 
Failure  Surfaces. 


element/specimen 

ai2o3/ai 

non-bonded 

150-AI2CyAI 

adh*  met* 

25-AI203/AI 

adh  met 

C 

21.6 

21.8 

15.0 

66.9 

69.0 

0 

48.2 

50.5 

58.2 

22.5 

21.8 

Al 

27.3 

24.8 

26.3 

2.4 

1.8 

N 

<0.2 

0.9 

0.5 

5.3 

5.7 

Si 

<0.2 

<0.2 

<0.2 

3.0 

1.8 

Na 

2.9 

<0.2 

<0.2 

<0.2 

<0.2 

*  adh:  adhesive-side  failure  surface 
met:  metal-side  failure  surface 

The  results  for  the  two  150-AI2Og/AI  failure  surfaces  are  equivalent  and  suggest  that 
failure  occurs  in  the  coating.  For  the  ISO-A^Og/AI  failure  surface  the  carbon 
concentrations  are  in  the  range  15-22%,  the  oxygen  concentrations  are  50-58%,  and 
the  aluminum  content  is  approximately  25%.  Nitrogen  and  silicon  are  present  at  low 
concentrations  or  were  not  detected.  That  failure  in  the  coating  occurred  is  supported 
by  the  result  that  the  surface  chemistries  for  the  two  ISO-A^Og/AI  failure  surfaces  are 
the  same  within  experimental  error,  and  are  similar  to  the  results  for  a  non-bonded 
plasma-sprayed  A^Og/AI  adherend  (25).  The  respective  analysis  results  for  the  failure 
surfaces  for  the  25-AI203/AI  specimens  are  also  equivalent  and  are  consistent  with 
cohesive  failure.  The  carbon,  oxygen,  and  nitrogen  concentrations  are  indicative  of 
adhesive.  The  presence  of  silicon  may  arise  from  filler  in  the  adhesive.  The  detection 
of  aluminum  on  the  failure  surface  may  indicate  a  small  contribution  from  a  debonding 
process  where  failure  occurs  at  the  adhesive/alumina  coating  interface  or  within  the 
coating.  Nevertheless,  the  dominant  failure  mode  is  cohesive. 
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Surface  analysis  results  for  the  MgO-coated/aluminum  samples  and  the  Ti02- 
coated/titanium  specimens  indicated  the  same  failure  behavior  as  for  the  Al203  - 
coated/aluminum  materials.  In  general  the  failure  modes  for  the  wedge  specimens 
were  independent  of  the  type  of  adherend.  The  results  indicate  that  the  wedge 
specimens  with  a  thin  plasma-sprayed  coating  (25  pm;  0.001”)  failed  cohesively  and 
that  samples  with  a  thick  plasma-sprayed  coating  (150  jutm;  0.006”)  failed  within  the 
coating  or  via  mixed  mode. 

Failure  in  the  AIP04/AI  system  was  unique  in  that  the  surface  analysis  indicates 
a  heterogeneous  distribution  of  components  on  the  failure  surface.  The  XPS  results  for 
the  analysis  of  AIP04  powder,  for  the  non-bonded  plasma-sprayed  AIP04/AI  surface, 
and  for  the  metal-side  failure  surface  are  presented  in  Table  10. 

Table  10.  Surface  Analysis  Results  for  AIP04/AI  Plasma-Sprayed  Specimens  and 
Failure  Surfaces. 


element/specimen 

aipo4 

aipo4/ai 

25-AIP04/AI 

powder 

non-bonded 

met* 

C 

25.3 

24.4 

30.0 

O 

47.7 

49.6 

47.8 

Al 

11.9 

2.9 

3.8 

N 

<0.2 

0.7 

2.2 

Si 

<0.2 

11.1 

1.4 

P 

11.9 

9.6 

7.7 

Na 

3.2 

1.7 

7.1 

*  met:  metal-side  failure  surface 

The  XPS  results  for  the  adhesive-side  failure  surface  were  equivalent  to  the 
results  for  the  metal-side  failure  surface.  The  analysis  data  for  the  as  received  powder 
are  consistent  with  the  expected  stoichiometry  for  AIP04  .  The  powder  also  contains 
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carbon  and  a  small  amount  of  sodium  as  impurities.  The  plasma-sprayed  surface 
contains  silicon  at  a  relatively  high  concentration.  The  silicon  arises  from  silica  (Si02 ) 
that  was  added  to  enhance  the  flow  of  AIP04  in  the  plasma  gun  during  plasma 
spraying.  The  changes  in  the  concentrations  of  elements  on  the  metal-side  failure 
surface,  relative  to  the  values  for  the  plasma-sprayed  surface,  reveal  an  increase  in 
carbon,  sodium,  and  nitrogen  and  a  significant  decrease  in  silicon.  The  concentrations 
for  oxygen,  aluminum,  and  phosphorus  are  little  changed  upon  comparing  the  results 
for  the  plasma-sprayed  and  failure  surfaces.  That  the  concentrations  of  constituents 
associated  with  the  adhesive  increase  while  the  coating  component  concentrations 
remain  relatively  unchanged,  and  that  the  silicon  content  decreases  dramatically  on 
the  failure  surface,  suggests  that  failure  occurs  in  a  region  where  polymer  and  coating 
components  are  present.  The  presence  of  polymer  and  coating  components  on  the 
failure  surface  indicates  that  adhesive  has  likely  penetrated  the  porous  structure  of  the 
coating  and  that  failure  is  directed  within  this  coating-adhesive  region. 

An  objective  of  this  study  was  to  examine  durability  as  a  function  of  surface 
coating  chemistry.  From  the  failure  data  presented  in  Table  7  for  aluminum  it  is 
apparent  that  the  thickness  of  the  coating  (mechanical  properties)  appears  to  play  a 
prominent  role  in  the  failure  process.  Among  the  different  coatings  where  the 
acid/base  nature  is  changed;  Si02  (acid),  Al203,  MgO  (base),  the  crack  length  and 
failure  modes  are  similar  for  the  25  pm  (0.001”)  coated  specimens.  Similarly,  for  the 
150-AI2Og/AI  and  150-MgO/AI  samples  the  crack  lengths  are  equivalent  and  failure 
occurs  in  the  coating  region.  The  findings  for  titanium  adherends  (Table  8)  are  similar 
to  the  results  for  the  aluminum  samples,  with  the  exception  that  both  MgO-coated 
adherends  exhibit  the  same  crack  length  but  the  failure  modes  are  different.  The 
TiSi/n  specimens  show  excellent  durability  as  indicated  by  the  crack  length  but  mixed 
mode  failure  occurs.  The  type  of  mixed  mode  failure  is  of  the  type  noted  for  the 
AIP04/AI  specimens  in  that  adhesive  and  coating  components  were  present  on  both 
failure  surfaces.  Such  results  suggest  polymer  penetration  into  the  coating  and  failure 
in  the  coating-polymer  domain.  The  durability  of  the  TiSL/Ti  samples  may  also  be 
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enhanced  by  the  chemical  nature  of  the  coating  which  was  characterized  as  a  titanium 
silicate  or  a  mixture  of  Ti02  and  Si02.  (25).  The  presence  of  the  silicate,  or  titania  plus 
silica,  may  inhibit  moisture  intrusion  into  the  bond  and/or  provide  a  “composite-like” 
material  (silicate  plus  polymer)  whose  mechanical  properties  direct  crack  propagation 
away  from  the  adhesive  or  the  adherend/coating  interface. 
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6.  Plasma-Sprayed  Adherends  -  Durability  of  Adherends  Coated  with 
Polymeric  Materials 

The  results  of  the  durability  experiments  are  summarized  in  Figures  19  and 
20.  In  Figure  19  the  crack  growth  data  for  aluminum  and  titanium  specimens  bonded 
with  the  epoxy  adhesive  are  given.  In  Figure  20  the  corresponding  crack  growth 
results  for  specimens  bonded  with  the  polyimide  adhesive  are  illustrated.  Although  the 
results  in  Figures  19  and  20  present  data  for  up  to  172  hrs,  the  exposure  experiments 
were  carried  out  for  3500  hrs.  No  change  in  crack  length  was  found  during  the  time 
period  172  to  3500  hrs.  The  initial  (init.)  and  final,  arrest  (fin.)  crack  lengths,  and  mode 
of  failure  produced  during  environmental  exposure  are  summarized  in  Table  1 1  for 
aluminum  and  in  Table  12  for  titanium-6AI-4V  samples. 

6.1  Epoxy  adhesive 

The  findings  presented  in  Figure  19  for  specimens  bonded  with  the  epoxy 
adhesive  reveal  that  the  respective  final  crack  lengths  are  similar  for  aluminum  or 
titanium  coated  with  plasma-sprayed  epoxy,  polyester,  and  bismaleimide-TPI.  The 
arrest  crack  lengths  for  the  comparable  pairs  of  samples  are:  epoxy/AI  and  epoxy/Ti, 
6.7  (2.6”)  and  7.2  cm  (2.8”),  respectively;  polyester/AI  and  polyester/Ti,  4.7  (1.8”)  and 
4.5  cm  (1.8”),  respectively;  and  B-TPI/AI  and  B-TPI/Ti,  3.2  (1.3”)  and  3.1  cm  (1.2”), 
respectively.  Furthermore,  when  comparing  different  coatings  among  the  same 
adherends,  the  final  crack  lengths  vary  in  the  manner;  epoxy  >  polyester  > 
bismaleimide-TPI.  The  respective  final  crack  lengths  for  the  bismaleimide-cyanate 
ester-coated  aluminum  and  titanium  are  not  equivalent;  the  crack  length  for  B-CE/AI  is 
greater  that  that  for  B-CE/Ti.  When  the  performance  of  the  plasma-sprayed  aluminum 
samples  is  compared  with  that  for  PAA  prepared  aluminum,  the  specimens  prepared 
with  B-CE  and  B-TPI  coatings  exhibited  comparable  durability.  Comparable  durability 
is  recognized  when  the  respective  crack  lengths  are  equivalent  to  within  1  cm.  The 
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Figure  19.  Wedge  Specimen  Durability:  Crack  length  vs.  time  of  environmental 

exposure  for  plasma-sprayed  aluminum  and  titanium  bonded  with  an  epoxy  adhesive 
(AF-191). 
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Figure  20.  Wedge  Specimen  Durability:  Crack  length  vs.  time  of  environmental 
exposure  for  plasma-sprayed  aluminum  and  titanium  bonded  with  a  polyimide 
adhesive  (FM-36). 
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Table  11.  Initial  and  Arrest  Crack  Length  Values  and  Failure  Modes  for  Plasma- 
Sprayed  Aluminum  Adherends.  (Crack  lengths  in  cm.  and  in.) 

Aluminum 


coating1 

epoxy 

mode 

init. 

fin. 

A2 

cm. 

(in.) 

cm. 

(in.) 

cm. 

(in.) 

E 

2.2 

0.87 

6.7 

2.6 

4.5 

1.8 

mixed3 

PE 

1.6 

0.63 

4.7 

1.9 

3.1 

1.2 

mixed 

B-CE 

0.9 

0.35 

3.5 

1.4 

2.4 

0.94 

mixed 

B-TPI 

1.9 

0.75 

3.2 

1.3 

1.3 

0.51 

cohes.4 

PAA 

1.3 

0.51 

2.5 

1.0 

1.2 

0.47 

cohes. 

coating1 

polyimide 

mode 

init. 

fin. 

A 

cm. 

(in.) 

cm. 

(in.) 

cm. 

(in.) 

E 

None5 

PE 

None 

B-CE 

1.5 

0.59 

2.4 

0.94 

0.9 

0.35 

cohes. 

B-TPI 

2.5 

1.0 

2.8 

1.1 

0.3 

0.12 

cohes. 

PAA 

1.3 

0.84 

2.3 

0.91 

1.0 

0.39 

cohes. 

1 .  coating:  E=epoxy;  PE=polyester;  B-CE=  bismaleimide-cyanate  ester; 

B-TPI=  bismaleimide  LaRC  TPM 500;  PAA,  phosphoric  acid  anodized;  Turco, 
Turco  5578  treatment. 

2.  A:  crack  extension;  final  crack  length  minus  initial  crack  length  (cm;  in)). 

3.  mixed:  failure  at  the  adhesive-coating  and  the  coating-adherend  interface. 

4.  cohes.:  cohesive  failure;  at  the  scrim  cloth  -  adhesive  interface,  or  within  the 

adhesive. 

5.  None:  No  samples  prepared. 
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Table  12.  Initial  and  Arrest  Crack  Length  Values  and  Failure  Modes  for  Plasma- 
Sprayed  Titanium-6AI-4V  Adherends.  (Crack  lengths  in  cm.  and  in.) 


Titan  ium-6AI-4V 

coating1 

epoxy 

mode 

in  it. 

fin. 

A2 

cm. 

(in.) 

cm. 

(in.) 

cm. 

(in.) 

E 

1.3 

0.84 

7.2 

2.3 

5.9 

2.3 

mixed3 

PE 

1.7 

0.67 

4.5 

1.8 

2.8 

1.1 

mixed 

B-CE 

1.4 

0.55 

2.2 

0.87 

0.8 

0.31 

cohes.4 

B-TPI 

1.4 

0.55 

3.1 

1.2 

1.7 

0.67 

cohes. 

Turco 

1.3 

0.51 

7.3 

2.9 

6.0 

2.4 

mixed 

coating1 

polyimide 

mode 

init. 

fin. 

A2 

cm. 

(in.) 

cm. 

(in.) 

cm. 

(in.) 

E 

None5 

PE 

None 

B-CE 

1.7 

0.67 

2.9 

1.1 

1.2 

0.47 

cohes. 

B-TPI 

1.9 

0.75 

2.9 

1.1 

1.0 

2.5 

cohes. 

Turco 

0.9 

0.35 

1.6 

0.63 

0.7 

0.28 

cohes. 

1 . .coating:  E=epoxy;  PE=polyester;  B-CE=  bismaleimide-cyanate  ester; 

B-TPI=  bismaleimide  LaRC  TPI-1500;  PAA,  phosphoric  acid  anodized;  Turco, 
Turco  5578  treatment. 

2.  A:  crack  extension;  final  crack  length  minus  initial  crack  length  (cm;  in)). 

3.  mixed:  failure  at  the  adhesive-coating  and  the  coating-adherend  interface. 

4.  cohes.:  cohesive  failure;  at  the  scrim  cloth  -  adhesive  interface,  or  within  the 

adhesive. 

5.  None:  No  samples  prepared. 
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durabilities  of  polyester-  and  epoxy-coated  aluminum  are  regarded  as  less  than  that 
for  PAA-AI  due  to  the  greater  extent  of  crack  growth;  PAA/AI,  2.5  cm  (1.0”);  PE/AI,  4.7 
cm  (1.9”),  and  E/AI,  6.7  cm  (2.6”).  It  is  also  noteworthy  that  the  failure  mode  correlates 
with  the  extent  of  crack  growth  for  the  PAA/AI,  PE/AI,  and  E/AI  specimens.  Cohesive 
failure  was  noted  for  PAA/AI  samples  whereas  mixed  mode  failure  was  found  for  PE/AI 
and  E/AI  adherends.  Based  on  crack  growth,  the  performance  of  B-CE/AI  is  similar  to 
that  for  PAA/AI.  However,  it  could  be  argued  that  the  performance  of  the  CE/AI  should 
be  regarded  as  inferior  when  compared  to  PAA/AI  due  to  the  fact  that  mixed  mode 
failure  was  observed  for  B-CE/AI.  Alternatively,  one  could  consider  crack  extension,  A, 
the  difference  in  final  and  initial  crack  lengths.  Crack  growth  extension  indicates  that 
the  performance  for  B-TPI/AI  is  equivalent  to  that  for  PAA/AI  and  that  the  A  values  vary 
in  the  manner  E/AI  >  PE/AI  >  B-CE/AI  >  B-TPI/AI  =  PAA/AI.  Based  on  crack  length, 
crack  extension,  and  the  mode  of  failure  results,  it  is  reasoned  that  the  durability  of  B- 
TPI/AI  is  equivalent  to  that  for  PAA/AI  while  B-CE/AI  exhibits  marginal  durability.  Upon 
considering  crack  growth  and  crack  extension,  the  performance  for  epoxy-  and 
polyester-coated  aluminum  is  regarded  as  inferior  and  unacceptable. 

The  durability  performance  for  coated  titanium  bonded  with  epoxy  reveals  a 
situation  similar  to  that  for  aluminum.  Although  the  Turco  treated  specimens  failed 
completely,  the  performance  for  B-CE/Ti  and  B-TPI/Ti  specimens  exhibited  excellent 
performance.  The  arrest  crack  lengths  and  the  extent  of  crack  growth  are  low  and 
similar  to  the  values  recorded  for  aluminum  adherends.  The  failure  modes  for  B-CE/Ti 
and  B-TPI/Ti  were  cohesive.  Cohesive  failure  was  easily  identified  because  supporting 
scrim  cloth  was  visible  on  all  failure  surfaces  and  confirmed  that  debonding  occurred 
at  the  scrim  cloth-adhesive  interface.  The  crack  lengths  and  extent  of  crack  growth  for 
the  PE/Ti  and  E/Ti  specimens  were  significantly  greater  than  for  the  B-CE/Ti  and  B- 
TPI/Ti  samples.  In  addition,  the  PE/Ti  and  E/Ti  specimens  failed  via  a  mixed  mode 
process.  Thus  for  titanium  bonded  with  epoxy  adhesive,  the  cyanate  ester-  and  the 
TPI-coated  samples  showed  durability  that  is  regarded  as  acceptable. 
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6.2  Polvimide  adhesive 

Aluminum  and  titanium,  plasma-sprayed  with  bismaleimide-cyanate  ester  and 
bismaleimide-TPI  mixtures  were  studied.  Specimens  were  not  prepared  with  epoxy  or 
polyester  coatings  for  bonding  with  the  polyimide  adhesive.  The  results  in  Tables  1 1 
and  12  and  in  Figure  20  indicate  that  the  crack  lengths  are  approximately  the  same  as 
for  comparably  prepared  specimens  that  were  bonded  with  the  epoxy  adhesive.  All 
specimens  bonded  with  the  polyimide  adhesive  failed  cohesively.  As  was  the  case  for 
epoxy-bonded  samples,  scrim  cloth  was  evident  on  all  failure  surfaces;  indicating 
cohesive  failure.  One  could  argue  that  if  adhesive  and  the  plasma-sprayed  polymer 
intermix  during  the  curing  process,  that  a  more  accurate  statement  would  be  that 
failure  occurred  in  the  adhesive-plasma-sprayed  coating  region.  Because  of  the 
difficulty  of  interpreting  surface  analysis  data  for  these  failure  surfaces,  it  is  not 
possible  to  determine  unequivocally  whether  adhesive-coating  mixing  occurred.  On 
the  other  hand,  it  is  likely  that  such  mixing  could  have  occurred  when  it  is  recognized 
that  the  topographical  features  of  the  plasma-sprayed  B-TPI  coating  showed  nodular, 
porous  features  (25)  which  would  permit  adhesive  penetration  into  the  coating.  By 
contrast  the  topography  for  the  B-CE/Ti  sample  was  smooth  and  featureless  (25),  so 
intermixing  and  movement  of  adhesive  into  voids  in  the  coating  would  be  unlikely.  The 
important  observation  is  that  failure  did  not  occur  at  the  plasma-sprayed 
coating/adherend  interface. 

The  performance  for  B-TPI  on  aluminum  and  titanium  is  similar,  while  the  crack 
length  for  B-CE/AI  is  slightly  less  than  that  for  B-CE/Ti.  In  fact,  the  performance  for  B- 
CE/Ti  and  B-TPI/Ti  is,  within  experimental  error,  indistinguishable.  The  performance  for 
Turco-treated  titanium  is  better  than  that  for  the  polymer  coated  specimens.  The  arrest 
crack  length,  1.6  cm  (0.63”),  is  less  than  that  for  either  B-CE/Ti  or  B-TPI/Ti,  both  2.9  cm 
(1.1”).  Although  the  failure  mode  for  all  titanium  specimens  was  cohesive,  the  extent  of 
crack  growth  varies  in  the  manner  B-CE/Ti  >  B-TPI/Ti  >  Turco/TI.  Nevertheless,  the 
important  results  of  the  durability  tests  is  that  failure  occurs  cohesively  indicating  that 
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the  plasma  sprayed  coating-adherend  interaction  is  significant  and  that  the  coating  is 
not  degraded  in  the  extensive  environmental  cycle. 

In  comparing  the  performance  of  the  polymer  coated-AI  specimens  with 
anodized  aluminum  it  appears  that  equivalent  performance  is  observed.  The  crack 
lengths,  crack  extensions,  and  failure  modes  (See  Table  11)  are  all  equivalent.  Thus 
the  durability  of  aluminum  plasma-sprayed  with  polymeric  components  is  comparable 
to  that  for  anodized  aluminum. 

Although  the  material  systems  and  the  environmental  conditions  for  the 
durability  experiments  were  not  the  same,  it  is  of  interest  to  compare  the  present 
results  with  the  findings  of  Davis,  et  al.  (24)  where  plasma-sprayed  polymeric  coatings 
were  studied.  Davis  and  coworkers  (24)  investigated  crack  growth  at  95%  RH  at  60°C 
(140°F)  for  epoxy-  bonded  plasma-sprayed  aluminum.  The  polymeric  coatings 
included  a  polyester,  PEEK,  and  mixtures  of  an  aluminum-silicon  alloy/polyester, 
aluminum/polyester,  and  aluminum/PEEK.  For  unprimed  specimens  bonded  with  FM- 
123  epoxy  adhesive,  the  wedge  specimen  crack  data  for  60AI-Si/40polyester  were: 
crack  length  6.5  cm  (2.6”)  and  crack  extension  2.3  cm  (0.91”);  while  for  PEEK  (180  pm 
thickness;  0.0072”)  the  results  were  crack  length  8.7  cm  (3.4”)  and  crack  extension  4.2 
cm  (1.7”).  Under  dry  or  wet  exposure  conditions,  failure  for  the  60AI-Si/40polyester 
specimen  occurred  within  the  coating.  Thus  the  debonding  results  in  the  current  study 
for  epoxy-  and  polyester-coated  specimens  are  similar  to  those  in  Davis  and 
associates’  work  (24).  Considering  the  reproducibility  of  wedge  data  among  different 
laboratories,  and  recognizing  that  the  exposure  conditions  are  dissimilar,  and  that  the 
polyester  coatings  are  somewhat  different  (pure  polyester  in  this  work  and  a  mixture  in 
the  report  of  Davis,  et  al.  (24)),  it  is  reasonable  to  suggest  that  the  performance  of  the 
polyester-based  coatings  prepared  in  the  two  studies  is  similar. 

In  evaluating  the  reported  performance  for  plasma-sprayed  polyester- 
containing  specimens  bonded  with  the  FM-300  epoxy  adhesive,  it  is  noted  that 
performance  is  excellent  for  a  50  pm  (0.002”)  coating  of  60AI-Si/40  polyester  on 
aluminum  and  that  performance  degraded  as  the  amount  of  alloy  in  the  mixture  was 
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reduced.  For  specimens  prepared  with  polyester  at  different  thicknesses  (50  pm 
(0.002”)  and  150  pm  (0.006”),  Davis,  et  al.  (24))  the  initial  and  final  crack  lengths  were 
greater  than  those  found  in  this  study.  In  addition  failure  occurred  at  the  coating 
interface  (24)  whereas  failure  in  the  current  study  was  mixed  mode.  Such  differences 
may  be  the  result  of  different  application  conditions,  dissimilar  environmental  exposure 
conditions,  or  inherent  differences  in  coating  performance.  From  a  comparison  of  the 
two  investigations,  it  is  apparent  that  plasma-sprayed  polymeric  coatings  on  aluminum 
exhibit  excellent  durability  performance  when  tested  under  static  (24)  or  cyclical 
environmental  conditions  (this  study).  A  complete  understanding  of  the  mechanism(s) 
or  process(es)  by  which  excellent  durability  is  achieved  requires  additional  study  of 
the  chemical  and  physical  nature  of  plasma-sprayed  coatings. 
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7.  Durability  Investigation  of  Butt-Torsion  Specimens 

In  this  part  of  the  investigation  the  effect  of  various  load  levels  and  environmental 
exposure  on  the  torsional  durability  and  failure  modes  of  adhesive  joints  was 
examined.  Initial  testing  of  titanium  and  aluminum  butt-torsion  samples  was  carried  out 
to  determine  the  ultimate  torque  failure.  The  titanium  surface  was  prepared  using  the 
Turco  5578  process  and  aluminum  was  anodized  in  phosphoric  acid  and  primed  with 
Scotchweld  primer  as  noted  in  the  experimental  section.  Samples  were  tested  at  room 
temperature  and  the  results  are  summarized  below  in  Table  13.  The  failed 
specimens  were  examined  visually  to  determine  the  failure  mode  and  this  observation 
is  stated  in  the  table. 


Table  13.  Butt-torsion  Test  Results  -  Initial  Determination  of  Failure  Torque 
(in-lbs  torque). 

Epoxy  Adhesive:  3M  AF-191 

Titanium:  40  Aluminum;  29 

cohesive  mixed  mode;  principally  cohesive 

Polyimide  adhesive:  AC  FM-36 

Titanium:  97  Aluminum:  51 

cohesive  mixed  mode;  principally  cohesive 


It  is  apparent  that  the  failure  and  the  mode  of  failure  are  determined  by  the 
nature  of  the  adhesive  and  by  the  surface  preparation.  There  is  a  general  pattern  to 
the  results  in  that  the  failure  torque  for  the  epoxy-bonded  samples  is  approximately 
one-half  of  that  needed  to  induce  failure  in  the  polyimide  bonded  samples.  It  is  also 
apparent  that  the  surface  preparation  procedures  are  appropriate  so  that  failure  is 
principally  via  cohesive  rather  than  adhesive  (interfacial)  failure. 

In  order  to  determine  the  effect  of  increased  loads  and  to  obtain  an  idea  of  the 
magnitude  of  torque  that  is  optimal  for  torsional  durability  studies,  three  types  of 
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aluminum/epoxy  adhesive  joints,  each  with  a  different  surface  treatment,  were  tested 
at  different  levels  of  torque  in  a  hot  humid  environment.  The  joints  consisted  of  Al- 
2024T  bolt  adherends  bonded  with  an  unsupported  structural  epoxy  adhesive  film,  AF- 
191  at  0.05  weight  from  3M.  The  three  surface  treatments  for  the  aluminum  were: 
phosphoric  acid  anodization,  P2  etch,  and  vinyl  phosphonic  acid.  The  joints  were 
loaded  at  0,  20,  40,  60  and  80  percent  of  failure  torque  values  and  placed  in  a 
humidity  chamber  at  66°C  (150°F)  and  70  percent  relative  humidity  until  failure.  Upon 
failure,  the  failure  times  were  recorded  and  the  failure  surfaces  were  analyzed  by  x-ray 
photoelectron  spectroscopy  (XPS)  and  scanning  electron  microscopy  (SEM). 

7.1  Load  Level  and  Environmental  Exposure 

Originally,  a  torque  of  0%,  20%,  30%,  and  40%  of  the  average  failure  torque  for 
a  specimen  was  exerted  on  bolts  of  each  type  of  surface  treatment.  These  values  of 
torque  were  chosen  because  an  adhesive  joint  is  typically  design  to  hold  no  more  than 
40%  of  its  failure  load.  When  loaded,  the  joints  were  placed  into  a  humidity  chamber  at 
70%  relative  humidity  and  66°C  (150°F).  Samples  that  did  not  fail  within  1582  hours  of 
environmental  exposure  were  force  failed.  The  failure  surfaces  were  analyzed  with  an 
XPS  and  SEM  to  determine  failure  mode.  The  number  of  days  to  failure,  or  failure 
torques,  and  the  failure  modes  are  listed  in  Tables  14,  15,  and  16.  Because  very 
few  of  these  samples  failed  within  several  weeks  and  because  laboratory  durability 
tests  are  generally  accelerated  by  exposing  samples  to  conditions  harsher  than  those 
in  service,  higher  percents  of  the  ultimate  torque  were  exerted  on  new  samples.  A  60% 
torque  was  placed  on  anodized  and  P2  etched  specimens  and  an  80%  load  was 
placed  on  anodized  samples.  These  failure  results  are  also  listed  in  Tables  14,  15, 
and  16. 

Some  additional  samples  of  the  three  surface  treatments  without  primer  were 
tested  at  40%  load.  The  main  reason  for  testing  unprimed  bolts  was  to  determine  if  the 
primer  played  a  role  in  the  formation  of  bubbles  in  the  adhesive.  The  results  of  the 


60 


Table  14:  Anodization  Failure  Results 


Load 

Time  to  Failure  or 

Failure  Torque 

Failure  Mode  or  Location 

Failure 

13.1  in-lbs 

cohesive 

Torque  (FT) 

(12.4  13.1  14.5) 

0%  FT 

30.5  in-lbs 

adhesive/primer  interface 

20.9  in-lbs 

adhesive/primer  interface 

6.5  in-lbs 

adhesive/primer  interface 

20%  FT 

13.5  in-lbs 

adhesive/primer  interface 

26.1  in-lbs 

adhesive/primer  interface 

28.0  in-lbs 

adhesive/primer  interface 

30.0  in-lbs 

adhesive/primer  interface 

40%  FT 

21.5  in-lbs 

adhesive/primer  interface 

30.0  in-lbs 

adhesive/primer  interface 

27.9  in-lbs 

adhesive/primer  interface 

22.1  in-lbs 

adhesive/primer  interface 

60%  FT 

1  hour 

cohesive 

1  hour 

cohesive 

2  hours 

cohesive 

80%  FT 

on  loading 

cohesive 

0.05  hours 

cohesive 

1  hour 

cohesive 

40%  FT  unprimed 

10.1  in-lbs 

adhesive 

13.7  in-lbs 

adhesive 

19.5  in-lbs 

adhesive 
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Table  15:  Vinyl  Phosphonic  Acid  Failure  Results 


Load 

Time  to  Failure  or 

Failure  Torque 

Failure  Mode 

or  Location 

Failure 

18.1  in-lbs 

mixed:  cohesive  and 

Torque  (FT) 

(16.8  18.2  19.3) 

primer/  phosphonic  acid 

interface 

0% 

8.2  in-lbs 

vinyl  phoshonic  acid  layer 

15.5  in-lbs 

" ",  cohesive  at  edge 

18.7  in-lbs 

" ",  cohesive  at  edge 

23.1  in-lbs 

" ",  cohesive  at  edge 

20%  FT 

17  hours 

vinyl  phosphonic  acid  layer 

1 3  days 

vinyl  phosphonic  acid  layer 

10.5  in-lbs 

vinyl  phosphonic  acid  layer 

16.0  in-lbs 

adhesive, cohesive  at  edge 

40%  FT 

1 7  hours 

vinyl  phosphonic  acid  layer 

1 6  days 

vinyl  phosphonic  acid  layer 

19.5  in-lbs 

"  ",  cohesive  at  edge 

21.8  in-lbs 

■  ",  cohesive  at  edge 

40%  FT  unprimed 

on  loading 

cohesive 

on  loading 

cohesive 

on  loading 

cohesive 
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Table  16:  P2  Etch  Failure  Results 


Load 

Time  to  Failure  or 

Failure  Mode 

Failure  Load 

or  Location 

Failure 

20.2 

cohesive 

Torque  (FT) 

(18.5  21.9  20.1) 

0% 

20.1  in-lbs 

adhesive, cohesive  at  edge 

25.3  in-lbs 

adhesive, cohesive  at  edge 

25.5  in-lbs 

adhesive, cohesive  at  edge 

20%  FT 

16.5  in-lbs 

adhesive, cohesive  at  edge 

22.5  in-lbs 

adhesive, cohesive  at  edge 

24.5  in-lbs 

adhesive, cohesive  at  edge 

24.5  in-lbs 

adhesive, cohesive  at  edge 

40%  FT 

15  days 

adhesive, cohesive  at  edge 

22.0  in-lbs 

adhesive, cohesive  at  edge 

24.1  in-lbs 

adhesive, cohesive  at  edge 

26.0  in-lbs 

adhesive, cohesive  at  edge 

60%  FT 

1  hour 

cohesive 

1  hour 

cohesive 

2  hours 

cohesive 

40%  FT 

on  loading 

cohesive 

on  loading 

cohesive 

1  hour 

cohesive 
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unprimed  samples  are  in  Tables  14, 15,  and  16.  The  primer  had  little  role  on  the 
influence  of  bubble  formation,  but  does  appear  to  increase  joint  strength. 

7.2  Failure  Dependence  on  Load  Level 

Load  level  influenced  the  time  to  failure,  failure  torque,  and  failure  mode  very 
little.  Samples  loaded  above  50%  of  the  failure  torque  failed  almost  instantly.  Most  of 
the  samples  loaded  below  50%  load  did  not  fail  until  force  failed.  For  each  surface 
treatment,  the  failure  loads  of  those  force  failed  were  not  significantly  different  from 
samples  loaded  at  different  percents  of  the  failure  torque.  For  instance,  all  of  the  P2 
etch  samples  in  Table  15  failed  at  an  average  of  about  23  in-lbs  despite  the  different 
load  levels. 

There  is  a  small  variation  in  bond  strength  between  samples  of  the  same  group 
that  is  related  to  the  size  and  number  of  air  pockets.  After  environmental  exposure,  the 
difference  is  magnified.  This  is  evident  in  the  larger  spread  of  almost  15  in-lbs  in  the 
failure  torques  of  the  bonds  exposed  to  the  environment  versus  the  4  in-lb  spread  of 
the  failure  torques  for  bonds  that  were  tested  for  ultimate  strength. 

The  failure  loads  of  the  specimens  that  were  force  failed  are  higher  than  the 
failure  torques  of  the  specimens  that  were  used  to  determine  the  bonds'  ultimate 
strengths.  It  is  most  likely  that  the  bond  is  being  strengthened  by  environmental 
exposure. 

7.3  Failure  Mode  Dependence  on  Load  Level 

The  failure  mode  of  the  specimens  was  more  a  function  of  the  amount  of 
environmental  exposure  than  a  function  of  load  level.  Samples  that  failed  with  2  hours 
or  less  of  environmental  exposure  failed  cohesively  for  the  most  part.  The 
environmental  exposure  caused  failure  to  occur  close  to  the  surface  treatment 
interface  as  the  water  changed  the  chemistry  of  the  adhesive,  surface  treatments,  and 
adherends. 
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The  anodized  specimens  loaded  above  50%  failed  cohesively.  None  of  those 
loaded  below  50%  failed  after  1582  hours,  so  these  were  force  failed.  The  force 
failures  occurred  at  the  interface  of  the  primer  and  the  adhesive.  The  anodized  bond 
that  was  not  primed  failed  adhesively.  There  was  not  a  consistent  pattern  as  to  how 
much  of  the  adhesive  or  where  the  adhesive  was  left  on  each  bolt.  Sometimes  all  of 
the  adhesive  was  on  one  of  the  bolts.  On  other  specimens  a  spot  of  adhesive 
surrounded  by  primer  was  left  on  both  bolts. 

The  vinyl  phosphonic  acid  samples  that  were  failed  for  ultimate  strength  data 
failed  via  a  mixture  of  cohesive  failure  and  failure  at  the  primer/surface  treatment 
interface.  The  unprimed  specimens  failed  cohesively  upon  loading  to  40%  of  the 
failure  torque  for  a  primed  specimen.  The  primed  vinyl  phosphonic  acid  samples  failed 
in  or  close  to  the  surface  treatment.  The  designation  of  adhesive  failure  mode  in  the 
vinyl  phosphonic  acid  results  of  Table  15,  means  that  failure  is  between  the  primer  and 
the  surface  treatment  as  determine  by  the  absence  of  phosphorus  on  the  adhesive 
side  of  the  failed  sample.  Those  that  are  listed  with  failure  in  the  vinyl  phosphonic  layer 
had  phosphorus  present  on  both  sides  of  the  specimen.  The  difference  between 
adhesive  failure  and  failure  in  the  vinyl  phosphonic  acid  layer  is  small.  Failure  mode  of 
samples  with  either  of  these  designations  is  most  likely  crossing  over  between  the 
surface  treatment  and  the  primer.  Some  of  the  vinyl  phosphonic  acid  samples  that 
were  force  failed  had  a  small  ring  of  cohesive  failure  at  the  outer  radius  of  the  sample. 
The  ring  was  typically  broken  in  a  few  areas. 

The  P2  etched  specimens  (Table  16)  failed  cohesively  when  loaded  above 
50%  of  the  failure  torque  and  when  unprimed.  All  of  those  loaded  below  50%  of  the 
failure  torque  failed  cohesively  at  the  outer  radius  of  the  bolts  and  adhesively  at  the 
centers  of  the  bolts.  The  circular  ring  of  cohesive  failure  at  the  outer  radius  of  many  of 
the  samples  could  be  formed  when  initially  loaded,  in  the  humidity  chamber,  or  when 
failed  in  the  Instron.  Water  usually  collects  at  regions  of  high  stress  where  it  will 
weaken  interfaces.  Since  the  highest  stress  in  the  butt  joint  is  at  the  outer  radius,  it 
would  be  logical  to  predict  that  failure  at  the  outer  radius  would  be  more  adhesive  than 
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failure  at  the  center  of  the  bond.  However,  the  opposite  is  true.  If  cohesive  failure  were 
to  occur  during  initial  loading,  the  failure  regions  are  easily  explained  by  the  outer 
cohesive  failure  being  caused  during  loading  and  the  inner  adhesive  failure  being 
caused  by  the  environment.  If  the  failure  occurs  in  the  humidity  chamber,  the  failure 
may  have  occurred  early  in  testing  or  the  region  of  high  stress  may  be  acting  as  a 
buffer  to  the  flux  of  water  in  and  out  of  the  bond  line.  If  failure  is  all  occurring  during 
Instron  failure,  the  region  of  high  failure  could  again  be  acting  as  a  buffer  to  the  flux  of 
water  or  the  failure  could  occur  first  at  the  outer  radius  and  then  at  the  center  a  short 
time  later.  A  ring-like  pattern  is  visible  in  some  of  the  samples  that  were  failed  in  the 
Instron  to  determine  ultimate  strengths,  so  the  presence  of  the  ring  is  most  likely  a 
stress  related  phenomenon  more  so  than  a  result  of  the  environmental  exposure. 

As  a  result  of  these  initial  studies  on  chemically  treated  specimens,  the  bonded 
plasma-sprayed  specimens  were  loaded  to  20  percent  of  the  failure  load  of  standard 
specimens  and  exposed  to  a  cycle  of  cold,  hot  humid,  hot  dry,  hot  vacuum,  and 
ambient  laboratory  environments.  Twenty  percent  load  was  exerted  because  joints  are 
typically  design  to  carry  20  to  40  percent  of  their  failure  load  and  the  cyclic 
environment  was  meant  to  simulate  aircraft  service  conditions.  The  results  for 
aluminum  and  titanium  are  summarized  in  Tables  17  and  18,  respectively.  In  the 
tables  the  time  to  failure  and  mode  of  failure  are  presented.  Time  to  failure  was 
determined  and  was  used  as  a  measure  of  specimen  durability.  Acceptable 
performance  is  identified  for  the  samples  where  not  more  than  half  of  the  specimens 
failed  during  the  tests,  and  where  cohesive  failure  was  noted.  Coating  (thickness- 
pm)/adherend/adhesive  component  combinations  for  which  acceptable  performance 
has  been  demonstrated  during  the  tests  (up  to  about  17,000  hrs)  included: 
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Aluminum  adherends 


25-AI203/AI/epoxy 
25-SiOg/AI/epoxy 
Titanium  adherends 
50-SiO/Ti/epoxy 
1 50-MgO/Ti/epoxy 
25-TiSi2/Ti/epoxy 


25-AI203/AI/polyimide 

25-Si02/AI/polyimide 

25-TiO/Ti/poly  im  ide 

1 50-TiO/Ti/polyimide 

25-TiSL/Ti/polyimide 

25-SiO/Ti/polyimide 

TPI/Ti/polyimide 

CE/Ti/polyimide 
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Table  17.  Aluminum  Adherend:  Plasma-sprayed  Butt-torsion  Samples 

epoxy:  701  da  (16,824  hr)  (exposure  time) 
Cycle:  Cold.  RH,  Hot  atm,  Hot  vac,  RT 


Epoxy 

Coating 

/Thickness 

1  mil 
#/tot.* 

6  mil 

(Si02:  2  mil) 

AI2O3 

0/4 

4/4  2,6  hr/hot  atm. 

1,  295  da/cold 
cohesive 

1 , 546  da/ht/vac 
interface; 

AI/AI  oxide 

AIPO4 

4/4  1,  43  da/hot  vac 

1,118  da/hot  vac 
1,141  da/hot  vac 
1,155  da/hot  vac 
cohesive 

4/4  4,6  hr/hot  atm. 

coating 

Si02 

0/4 

4/4  4,6  hr/hot  atm. 

cohesive 

MgO 

2/4  1,617  da/hot  vac 

1 ,656  da/hot  vac 
cohesive 

4/4  4,6  hr/hot  atm. 

cohesive 

TPI** 

3-5  mil  coat 

2/2  2,6  hr/hot  atm. 

i’face 

PE 

3-5  mil  coat 

4/4  4,6  hr/hot  atm. 

mode-undetermined 

EPX 

3-5  mil  coat 

4/4  4,6  hr/hot  atm. 

adh.  gone 

CNEST 

3-5  mil  coat 

2/2  1 ,  404  da  /hot  vac. 

1,428  da/RH 
i’face 

ANODIZE 

PO43- 

4/4  4,6  hr/hot  atm. 

mixed  mode 

number  failed/total  bonded 
time  to  failure/environment 
failure  mode 


**TPI-LaRC-TPI/BMI 

PE-polyester 

EPX-epoxy 

CNEST-cyanate  ester/BMI 
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Table  17  continued.  Aluminum  Adherend:  Plasma-sprayed  Butt-torsion  Samples 

polyimide:  709  da  (17,016  hr) 

Cycle:  Cold.  RH,  Hot  atm,  Hot  vac,  RT 


Polyimide 

Coating 

/Thickness 

1  mil 
#/tot.* 

6  mil 

(Si02:2  mil) 

AI2O3 

2/4  2,2  da/RH 

2/4  1,136  da/hot  vac 

1,162  da/hot  vac 
•  coating/adh 

AIPO4 

4/4  1 ,  4  hr/RH 

1,30  da/RT 

1,49  da/RH 

1 ,63  da/hot  atm. 
in  PO4  coating 

2/4  2,  loading 

coating 

Si02 

0/4 

1/4  1 ,25  da/hot  vac. 

i'face/coat 

MgO 

4/4  2,  loading 

1,  8  hr/hot  vac 

1 ,25  da/hot  vac 

AI/MgO 

i'face 

4/4  1,  4  hr/RH 

1,26  hr/RH 

1,  8  da/RH 

1,16  da/RH 

AI/MgO  i'face 

TPI** 

3-5  mil  coat 

3/4  1,326  da/RH 

1,468  da/RT 

1,504  da/  RH 
i’face 

PE 

3-5  mil  coat 

No  samples  prepared 

EPX 

3-5  mil  coat 

No  samples  prepared 

CNEST 

3-5  mil  coat 

3/4  1,  6  hr/hot  atm. 

1 , 225  da/hot  vac. 

1,331  da/RH 
i’face 

ANODIZE 

P043- 

0/4 

number  failed/total  bonded 
time  to  failure/environment 
failure  mode 


**TPI-LaRC-TPI/BMI 

PE-polyester 

EPX-epoxy 

CNEST-cyanate  ester/BMI 
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Table  18.  Titanium  Adherend:  Plasma-sprayed  Butt-torsion  Samples 

epoxy:  701  da  (16,824  hr)  (exposure  time) 
Cycle:  Cold.  RH,  Hot  atm,  Hot  vac,  RT 


Epoxy 

Coating/ 

Thickness 

1  mil 
#/tot.* 

6  mil 

(Si02:  2  mil) 

Ti02 

4/4  4,6  hr/hot  atm. 

cohesive 

0/4 

C\J 

CO 

i= 

2/4  1,14  da/hot  atm. 

1,67  da/hot  atm. 
mode 

undetermined 

4/4  4,6  hr/hot  atm. 

mixed 

CM 

o 

sa _ 

3/4  1 ,248  da/hot  vac 

1 ,298  da/hot  vac 

1, 571  da/hot  atm 
cohesive  i 

2/2  2,6  hr/hot  atm. 

cohesive 

MgO 

4/4  4,6  hr/hot  atm. 

coating 

2/4  1,243  da 

1,572  da 

Lab  accident 

3/3  2,6  hr/hot  atm.,  undetermined 

1,587  da  RH,  interfacial/adhesive 

■ 

4/4  4,6  hr/hot  atm. 

mode  undetermined 
coat  &  adh  removed 

EPX 

3-5  mil  coat 

4/4  4,6  hr/hot  atm. 

mode  undetermined 
coat  &  adh  removed 

anRHIH 

4/4  4,6  hr/hot  atm. 

mode  undetermined 

TURCO 

5578 

4/4  4,6  hr/hot  atm. 

mode  undetermined 

number  failed/total  bonded 
time  to  failure/environment 
failure  mode 


**TPI-LaRC-TPI/BMI 

PE-polyester 

EPX-epoxy 

CNEST-cyanate  ester/BMI 
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Table  18  continued.  Titanium  Adherend:  Plasma-sprayed  Butt-torsion  Samples 

epoxy:  701  da  (16,824  hr)  (exposure  time) 
polyimide:  709  da  (17,016  hr) 

Cycle:  Cold.  RH,  Hot  atm,  Hot  vac,  RT 


Polyimide 

Coating/ 

Thickness 

1  mil 
#/tot.* 

6  mil 

(SiC>2:  2  mil) 

Ti02 

2/4  2,251  da 

Lab  accident 

1/4  1 ,  509  da/RH 

cohesive 

TiSi2 

0/4 

2/4  1 ,459  da/hot  atm . 

1 ,464  da/lab  accid. 
coat/adh  i’face 

Si02 

0/4 

2/4  1,1  da/hot  vac. 

1 ,442  da/hot  atm. 
Si02/adh  i'face 

MgO 

4/4  1 ,  20  da/hot  vac 

1 ,  50  da/hot  vac 

1,  71  da/hot  vac 

1,191  da/hot  vac 
coating 

4/4  1 , 20-25  da/hot  atm. 

2,  30  da/RT 

1,  126  da/hot  atm. 
adh/coat  i'face 

tpi** 

3-5  mil  coat 

1/3  1,207  da/hot  vac 
cohesive 

PE 

3-5  mil  coat 

No  samples  prepared 

EPX 

3-5  mil  coat 

No  samples  prepared 

CNEST 

3-5  mil  coat 

2/2  1,171  da/hot  vac 

1 ,230  da/hot  vac 
coating  and  adhesive  mixed 

TURCO 

5578 

0/3 

number  failed/total  bonded 
time  to  failure/environment 
failure  mode 


**TPI  -LaRC-TPI/BM  I 
PE-polyester 
EPX-epoxy 

CNEST-cyanate  ester/BMI 
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8.  Summary  and  Conclusions 

This  characterization  study  has  demonstrated  that  inorganic-polymeric  and 
organic  plasma-sprayed  coatings  on  metal  adherends  retain  their  principal  chemical 
characteristics.  The  physical  state  of  the  plasma-sprayed  organic-polymeric  coatings 
appears  to  be  dependent  on  the  nature  of  the  polymer  used  in  the  plasma  spraying 
process.  The  surface  characterization  results  indicate  that  little  or  no  chemical 
degradation  of  the  polymer  takes  place  under  the  plasma-spraying  conditions  used  in 
this  study. 

The  plasma-sprayed  inorganic  compounds  are  also  little  changed  as  a  result  of 
plasma  spraying.  The  coatings  exhibit  the  "splatter-type"  features  that  are 
characteristic  of  plasma-sprayed  coatings.  Using  a  systematic  approach  for  assigning 
functional  group  contributions,  the  surface  chemical  composition  of  the  plasma- 
sprayed  coatings  appears  to  be  representative  of  the  sprayed  compound.  In  the  case 
of  plasma-sprayed  MgO  however,  some  carbonate  formation  was  found  as  a  result  of 
the  reaction  of  MgO  with  carbon  dioxide  from  the  air.  For  plasma-sprayed  TiSi2  it  was 
suggested  that  a  coating  composed  of  silicon  dioxide  and  a  titanium  silicate  was  most 
consistent  with  the  XPS  data. 

The  principal  findings  in  the  study  of  the  durability  of  adherends  plasma- 
sprayed  with  inorganic  coatings  are:  1.  The  durability  of  adhesively  bonded  plasma- 
sprayed  adherends  is  equivalent  to  that  for  adherend  surfaces  prepared  by  standard 
chemical  treatments  when  tested  using  cyclical  environmental  exposure  conditions. 

2.  Durability  performance  is  enhanced  for  thin  compared  to  thick  plasma-sprayed 
coatings.  3.  The  mechanical,  rather  than  the  chemical  properties,  of  the  coatings  play  a 
significant  role  in  the  failure  process. 

In  the  investigation  of  plasma-sprayed  polymeric  materials  the  significant 
durability  results  are:  1.  The  durability  performance  of  plasma-sprayed  polymeric 
coatings  on  aluminum  and  titanium  is  comparable  to  that  achieved  for  aluminum  or 
titanium  surfaces  prepared  using  conventional  solution  treatments.  2.  Extensive  crack 
length  correlated  with  mixed  mode  failure,  and  small  to  moderate  crack  growth 
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correlated  with  cohesive  failure.  3.  Plasma-sprayed  mixtures  of  bismaleimide  and 
polymeric  cyanate  ester  or  LaRC-TPI-1500  appear  to  be  viable  alternatives  to  solution 
pretreatments  for  the  preparation  of  adherends  for  adhesive  bonding. 
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